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PREFACE. 

This Work is an accoant of Experiments on Flow of Water 
begun in Deer. 1874^ and closed in March 1879^ thus lasting— 
after deducting various intermissions — about four years. 

To make the Experiments intelligible^ and afiTord the means of 
criticising them^ it has been necessary to give the descriptions of 
the mode of Experiment in great detail. This is simply unavoid« 
able in all physical Experiments. It is this chiefly which has 
rendered necessary so large a Work. To make it readable^ how- 
ever^ by the general reader who may not care for the full details 
of the Experiments^ a short Preface is attached to each Chapter^ 
setting forth the principal Articles containing the gist of the 
Chapter without experimental or argumentative detail. 

A short Epitome of the Chief Results is also given in Chap, 
I^ Art. 6a^b^ from which the scope of the Work can be seen 
at a glance ; and a very full Summary of the Results is given in 
Chap. XXVI^ from which the Results can be gathered in fair detail 
without searching through the Text. A Table of Contents of 
Heads and Sub -heads of Articles is also given to facilitate reference. 

Every possible pains has been taken throughout^ first to make 
the Experiments themselves trustworthy^ and next to ensure cor- 
rectness in the arithmetical computation resulting^ {see Ch. IV^ 
82, 83, & V, 25.) 

Wherever the published Data, and Results proceeding from 
them, appeared in any way doubtful, this is indicated by a query 
(?) attached. Attention has been freely drawn also to such defects 
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in the arrangements as became apparent in the course of the 
discussion. 

To render the Work tolerably handj^ it has been printed entirely 
in ordinary 8vo. size. Many of the Tables and Plates thus cover 
two pages each. In a few cases only the Plates exceed this size^ thus 
requiring an extra fold to reduce them to 8yo. size. 

Great credit is due to the Thomason C. E. College Press (at 
which the Work has beeu published) for the way in which it has 
been got up. It will be understood that the publication of so 
large a Work^ with such complex Tables (Vol. II) and Plates 
(Vol. Ill), was a very heavy* undertaking to an " up-country 

Press in India {fee Ch« III, 8). 

A. C. 
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J7.B.— The Author will be glad to veceiTe any critloiflmfl, or notea of mlatakea or Errata. Addreai 
to the Thomaaon 0. B. OoUege, Aoorkee, N. W. P., India. 
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P>AIIT I. 

CHAPTER I. 

INTRODUCTION. 

1. Importance of DiscliargeMeasiirement.«The most important 
quantity requiring measnrement or calculation in practical Hydraulics is 
the DisoHARGB passing through a channel : and in artificial channels^ 
such as Canals, it is desirable that this should be measurable or calcu- 
lable with some accuracy. 

Discharge-measurements of large Canals and Rivers are being con- 
stantly made ; but can any reliance be placed on the numerical Results ? 

Most of the formnlad at present in use inyolre numerical '' coefficients " 
whose Talues hare as yet been determined solely, from Experiments on 
the very small scale, e, g,^ from pipes and small artificial channels : the 
propriety of their application on the large scale seems doubtful, and at 
any rate requires proper testing. 

2. Modem Ezperimenti — Much systematic and extensive Experi- 
ment has been done of late years on Channels of very different kind — 

1^. Pipes and Swtall Open Channels, by Messrs. "Daicy and Bazin la France. 
2^. Medium lUvers, e. g.^ The Lake Riyers, and Ckmnecticat River in America ; 

and the Rhine, and Elbe in Eorope, 
8". Great Rivers^ e. g., The Mississippi, La Plata, &c., and Irrawaddi. 

The small scale French Experiments (No. 1°) were done with a pre- 
cision attainable only on the small scale : they are believed to be ample 
as regards flow of small bodies of water, (none of their channels having 
exceeded 6^' width.) 

River Experiments, though they unquestionably lead to Results of 
g^eat practical use, are not well suited for attaining to the discovery of 
general laws of fluid motion : as, from a variety of causes, they can sel- 
dom be executed with the necessary precision ; the inevitable irregularity 

B 
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of banks and bed leads to a complexity of motion whicli cannot as yet be 
unravelled, and traced to its separate causes. The Great River Experi- 
ments especially are on motion of too tumultuous a character to admit 
of resolution. 

The River Experiments clearly show that Results depending solely 
on Experiments on the very small scale are not safely applicable to large 
bodies of water. 

[The author has been informed* that a single Flood Discharge-Measurement of 
the Ganges at Hardwar varied from 100,000 to 200,000 c ft per sec according to 
the formula nsed In computing it]. 

3. New Experiment wanted. — The sort of Experiment now wanted 
appears to be something on a larger scale than the small scale French 
Experiments, and yet under simple conditions, viz.— - 

" Experiment on Large Bodies of Water in Uniform Motion in Regnlar Channels'' 
executed with a precision approaching that attainable on the small 
scale. Such conditions are ordinarily attainable oriZy on Canals* 

4. Opportunities in India. — The presence of many Large Canals 
points to India as affording' unusually favorable opportunities for prose- 
cuting such Experiments mth a fair expectation of a practically useful 
Besult. 

[Experiments on a limited scale have been carried out by many of the regnlar 
Oanal Staff \ bat partly from want of special funds, and partly from want of leisare, 
these Experiments of individnaU have necessarily been of a desultory character, and 
limited in scope : moreover, not having been published, they are practically nadess 
to science. 

Experiments on a considerable scale were projected in 1866-67 to be performed on 
the Ganges Canal at or near Roorkee ; but the officersf connected with them all died 
before even the experimental difficulties in the use of the Instraments intended to be 
nsed were} surmounted]. 

5. Objects of this Work.— -The primary objects of this Work were 

then — 

i. Discovery of a good'Method of Discharge-Measurement, i 
ii. Testing the applicability of known Mean-Velocity Formula, [ *°c^^ 
iii. Discovery of a good approximation to Mean-Velocity, ' 

These are matters of great practical importance : their investigation 
has been kept steadily in view throughout. In fact the Work, as a whole, 
may be said to lead up to this end ; a few collateral questionls have 

* By the Bxecntive Engineer, N. Divn., GangeB Canal. 

t The late Llent.-Col« J. Dyaa, RJSt, Lieat. J. Carroll, B.B., lient. r'. GotteriU Smith, E.B« 

X This informafeloD is fromibe MB. Reports deposited with tlieN. W. P. Irrigation Dqit. 
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indeed been taken np, bnt'strietly sabordinated to the main end. Be- 
suits of great interest — besides the main objects soaght — might of 
coarse he- expected to accrue in the course pf the regular work. 

6i 'fie6nlts.*-*lt may be? weIl.to..givxetat onee 9; .very brief abstract of 
the H)hief Results attained. A very fall Summary is given in Chap. 
XXYI., in which the whole of the chief Results are brought together 
for ready reference. . . 

6a. Maiit RssuLTS.-^The following are the primary Results : — 

" Loaded Tabe-Rods give a rapid and sufficiently close approximation to Mean 
Velocity past a Vertical : tbey are so handy in use that they should supersede 
all other Instruments for the purpose (in depths not > 15')", (1). 

^ With good arrangements Discharge-measurements obtained (by the system advo- 
cated) under similar conditions may be expected not to differ mord than 3 per 
ceat.?',.....; i (2). 

" None of the known Mean-Velocity Formulae appear to be of really general ap- 
plicability. Eutter's appears to be the most geneiial : the approxf itatidn likely 
to he. given )>y it falls far short of that given by divgct Dischaxge-Measure- 
ment", (3). 

*' Central Mean Velocity-Measurement appears to be the best means of rapid 
approximation to Mean (Sectional) Velocity ; but the reduction must (at pre- 
sent) be Effected by a coefficient to he found by previous special Experiment 
. .. at each Site",.. .^ <...-..,.-*, <4). 

The research ending in Result (1) occupies Chap. XV. : the con- 
venience of the Instrument is so great that this Result is considered 
to 'be of great practical use. iThe Method of Discharge-measurement 
is explained in Chap. XIX. : the Conclusion No. (2) is adopted after a 
very extended critical Test of the mutual agreement of the Results, giren 
in Chap. XXI. It is submitted that this is — considering the nature of 
the Work — a highly favorable Result. The Testing of known Mean 
Velocity-Formulas ocenpies part of Chap. XX. ^ the Conclusion No. (3) 
must be confessed to be disappointing, especially as the author is not 
prepared to-sqggest any improved formula. 

6b. Minor Results. — The following are a few of the more interest- 
ing secondary Results : — 

« The motion of water in Large Open Channels is estsntialiy uneteady : even in 
long straight fairly uniform Beaches, the velocity at any given point is etp- 
iremely variable from insfant to instant; and the stream-lines interlace freefp 

in all directions", (5). 

The water-surface is not sensibly convex across the channel", (6). 
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" The Average Velodty-Surface is, as a rtle, convex throngbont ", (7). 

** The Maximam Velocity past any Vertical is, as a rule, helow the surface : the 
depression increases from the centre towards the banks (in a rectangular 
channel). The depression is not muck affected (if at all) ty fcind ", (8). 

<* Loaded Bods nearly grazing the bed move slower than the Mean Velocity past 
them : so that to measnre Mean Velocity past a veitical, their immersed 
length shonld be decidedly shorter than thefuU depth'\ (9), 

** The Mean Velocity at a given Site depends more on the Surface-Gradient, (which 
is determined by the state of Control above and below the Site,) than on the 
mere depth of water at the Site ", ^ (10). 

"A Discharge-Table for a given Site mnst (by reason of (10)) necessarily be one 
of at least doable entry, showing the Discharge as depending on both Surface- 
Gradient and Gauge-Reading", (11), 

The great practical importance of Result (5) will appear in Chap. VI., 
Resnlts (6) and (9) are specially interesting as being contrary to received 
opinion. Result (11) is important, inasmuch as the (official) Discharge 
Tables are of single entry purporting to show the Discharge correspond- 
ing to a given Gauge-Reading. 

6c. General Review. — The General Result of this Work may perhaps 
be considered in some ways disappointing, in that there are no brilliant 
Results, no simple laws of fluid motion discovered, not even a new For- 
mula proposed for Mean Velocity; the complexity of fluid motion 
becoming indeed the more apparent, the more the conditions of experi- 
ment are varied. Nevertheless the author submits that, on the whole, 
the practical objects proposed have been attained (compare Art. 5, 6a) ; 
and that, taking this together with the great scientific interest of many 
of the other Results, the great outlay on this Work has been usefully 
incurred. 

7. Favorable SiteSi^ — In order that a Site may be really favorable 
for Experiments on the Flow of Water under simple conditions (as indi- 
cated in Art. 3), t.e., uncomplicated by local peculiarities of the Site, it 
seems desirable that— 

** The Site should be sitoate in a straight uniform Beach of great length, i^,, 
with uniform Banks, uniform Bed, and also uniform Bed-slope for a great 
distance both above and below the Site", (12), 

and that these distances should be sufficient to reduce the motion to a 

state depending solely on the following local elements — 

" Bed-Slope, Figure of Cross-Section, Roughness of Channel, Depth of water", 

uncomplicated by the disturbing action of Obstructions, Inlets, Escapes, 

Falls, &c. 
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It seems doubtful whether a Bite can be found really fulfilling the 
aboTe favorable condition in any earthen channel (whether natural or 
artificial) with high Telocity, except where artificially protected by ma- 
sonry, owing to the great liability to scour, which destroys the uniformity 
of Bed-Slope. In default of finding so favorable a Site, it seems desir- 
able, at any rate, to avoid complication of the motion by Obstructions below 
the Site, so that, — 

^Experimental Sites shoald not be ntnated in marked hollows in the Bed- 
Slope", (12a), 

?&• Shblteb.— High wind renders both water-level determination and yelodty- 
measarement more difficalt than in calm weather, so that when Experiment is to be 
carried on continnonsly for a length of lime, a Site sheltered from wind both by high 
banks and trees is very desirable. In a hot climate a sheltered Site is also desirable, 
as the shelter from the son enables Field-work to be earned on longer than it can be 
at an exposed Site. 

8. Vertical^ TransversaL— For shortness' sake these two terms will 
be employed,— 

Ybbtioal. Any vertical line in a channel extending from the surface to the 
bed will be called simply a Vertical. The vertical at mid-<cfaamiel will be 
called the Central Vertical : all others will be called Non-Central Verticals. 

Tbansvbbsal. Any horizontal line across channel will be called simply a 
TransversaL The most important are the Surface-, Mlddepth-, and Bed- 
Transversals. 

9. Velocity-Ordinatei -Carve, and -Surface. — The introduction of 
some geometrical terms will be convenient here for shortness' sake in 
treating of the distribution of velocities in a channel. 

Velogitt-Obdinate. a straight line drawn down-stream from any point 
in a cross-secilon of a channel, perpendicular to ibe plane of the cross-section, 
and proportional to the " forward velocity ** * at that point, will be called the 
Vblocitt-Osdinatb at that point 

Velooitt-Cubvb. The tips of the velocity-ordinates at all points of any 
straight (or curveu) line in a cross-seclion will trace ont a certain cnrve which 
will be culled a Vblocity-Cubve, and the line in question will be called the 
BASB-LnfE (or Basb-Cubve) thereot 

The most important Yelocity-Garves to be studied are those drawn on 
vertical and horizontal Base-Lines : these Base- Lines will be called-— 

Base-Vebtigalb and Base-Tbansvebsals, 
and the curves drawn on them will be called — 

* i ic., molred put of the ** actual velocity " taken parallel to the cmxcnt-azia, mo Ch. lY., 1. 
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1% VBB*ncAL Vblocitt^Cub.ves ; and 

2®, Trahsyebse (or Horizontal) Vblocitt-Cubvbs. 
Of the latter curves the most important arey— 

(a), Surface- ; (&), Middbpth- ; and (a), BED-VBLOCiTT-CnByES, 
whose Base-Lines are Transversals — 

(a), in the surface ; (6), at niiddepth ; (o), and across the bed, 
thei bed being supposed to he level across in the two latter cases. 

[The middepth line and bed-oontonr lines are of conrse nsnallj cnrved lines, being 
straight lines only when the. bed is level across^ The A^iddepth and ,Bed-VeIocity- 
Curres would be plane curresonlj in this same case. This is, howeyer, the only 
case in which they have been studied in the present Experiments]. 

Another very important curve, which may — by an obvious extension 
of the (lefinition<r-be includ'ed m the transverse Yelocity-Ciirves is the 
following:-— . c . • 

Mean Velogitt-Cubyb. This name will be given to the curve traced by the 
tips of velocity-ordinates at .all points of any horizontal Base-Line, each pro- 
portional to the " Mean Velocities past the Verticals "* through those points. 

' VELOOlTT-SiTRFACtl. Tfais name will be given to the Surface traced out by the 
tips of the velocity-ordinates at all points of a cross-section. 

It is clear that the Velocity-Curves are, — by their ordinates, — ^graphic 
representations of the distribution of the '' velocities "f past their Base- 
Lines, and tl^at the Velocity-Surface is similarly a graphic representation 
of the distribution of the " velocities "f throughout the whole cross- 
section. Great use will be made of these curves in the sequel. 

Also the Velocity- Curves are — excepting the Mean Velocity- Curve — 
obviously plane sections of the Velocity- Surface by planes drawn through 
their Base-Lines perpendicular to the cross-section. 

Also the Areas of the Velocity- Curves are — including the case of the 

Mean Velocity- Curve in a rectangular channel only — the measures of the 

(superficial) Discharges past their Base-Lines : and the Volume of the 

Velocity- Surface is the measure of the (cubic) Discharge through the 

whole section. 

[It will be understood that the terms " vertical ", and ** transverse " apply to the 
potition qf the Curva, (not to the direction of the velocities, which are of course 
parallel to the current-axis :) thus these Cur%-e8 being in vertical and transverse planes 
may, with propriety, be termed Vbbtical-Gubvbb and TBANSVEBaB-CuEVES]. 

* t.«., means of the velocittes at all points of earh Vertical, see Chap. IV, 8. 
t <.«., ** forward vdooitlei ", ae^ Mote on laat poge^ and Cliap. IV, 1. 



ABT. lOf— 12. 7 

1 0. Veloeity-CoiFves, Form. — The inrestigation of tbe Qgntt uoA size 
of the yarioas Velocity- Carves m different positions and under various 
conditions in the same Cross-Section, yiz., 

Vertical Cnryes upon different Verticals and at yarioas water-levels ^or each, 
Transverse Corves npon different 'Transversals and at varions water-levels for each, 

is an object of the very greatest importance ; both to Thboby, as being 
a help towards forming a rational Theory of floid motion ; an4 to Praotiob 
as leading np to one of the most hopeful modes of arriving within a 
moderate expenditure of time at a fair approximation to (the most im- 
portant hydraulic quantity, viz.,) the Total Discharge through a given 
section : it has accordingly always been a matter of great interest* 

Much and continuous Experiment was accordingly devoted towards 
obtaining data for this research. 

11. Mode of Besearch.— The mode of research employed was to mea- 
sure the " forward velocity"* at many points of the same Vertical, or of the 
same Transversal with (nearly) constant water-level, thus giving the values 
of many velocity-ordinates of the same Vertical or Transverse Velocity- 
Curve : next to effect the same with other (nearly constant) water-levels 
on the same Vertical or Transversal, thus giving the ordinates of different 
Velocity-Curves upon the same Vertical or Transversal : next to repeat 
the process upon different Verticals and Transversals at the same Site ; 
and lastly at different Sites. 

12. Field^Wprk. — The ordinary systematic Fiel4-work consisted chiefly 
of Vblocitt-mbasurbhbnt, and this mainly of following kinds :*^ 

i. Velodty-measnrements at many points on same Vertical, 
ia. Bod-velocity-measnrements along with above. 
IL Velocity-measurements at many points of same Transversal, viz., 

ia). Surface- VelodtieB ; (ft), Middepth-Velocities ; (c), Bed- Velocities ; 
(d). Mean Velocities past many verticals, 
iii Central Snrf ace Velocity-measnrements along with ii^. 

The Results of i, ii when plotted as ordinates to their respective Base* 
Lines (Verticals or Transversals) gave rise to the various Vblooitt« 
CuBVBS above called for shortness, — 

i Vertical Velocity-Cnrves. 
iL Transverse Velocity-Cnrves, comprising the following : — 

(a), Sorface- ; (ft), Middepth- ; (c), Bed- ; (</), Mean- Velocity-Carves. 

* Sw Obap IV, 1. 
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ThjiB rest of the systematic Field-work was mostly sabsidiary to the 
Velocity-work abore, and consisted chiefly of— 

iy. Sarfaoe-Slope MeaAnrement. 
T. Leyelling, in connexion wlLh the last, 
yi. Sounding, to detennine the Average Cross-Section of ChanneL 

A very great deal of each of these six kinds of Field-work was done 
in the coarse of the Experiments. The description and discassion of 
Nos. i — iy, which are the chief hydranlio data, form the balk of this 
work. 

Besides the above systematic work, occasional Experiments were also 
made on many other points of collateral interest, and will be foand des- 
cribed in dae coarse. The most systematic of these were on the sab- 
jects of — 

Til, Silt, see Chap. XXIV., and yiii, Evaporation, see Chap. XXV. 

12a. ScALB OF FiBLD-woBK. — The extensive scale of the Field-work 
can now be jndged of from the following brief Abstract* of the systematic 
"Work only : — 

i^.. 565 Sets of Vertical Velocity-Conre Work, (each containing yelocity- 

measnrements repeated 3 times at every foot of depth.) 

lay ..543 Rod- Velocity Measurements done along with above, (each repeated 

6 times.) 
iia, h, e, 133 Sets of Transverse Velocity-Carve Work, (each containing velocity- 
measarements repeated 3 times npon from 10 to 21 verticals.) 

iidy 581 Sets of Mean Velocity-Curve Work, (each containing velocity- 

measarements repeated 3 times upon from 10 to 21 verticals.) 

iii, 313 Central Surface Velocity-Measurements, (each repeated 48 times.) 

iv 440 Surface-Slope Measurements, (about 150 done on boih banks.) 

vii, 90 Silt-Collections. 

▼ill, 40 Evaporation-Measurements. 

It will be obyions that the nnmber of Telocity-measnremeuts was 
enormoas (about 50,000). The occasional Experiments done are not 
worth detailing here, thoagh forming an important addition to the sys- 
tematic work. 

12b. Praotioal Objects. — The Field-work Nos. i, ii jnst detailed is 
an obFions Step towards determining the figare of the sereral Velocity- 
Ooires above-named. 

Bat there was a very important practical object kept in view throagh- 

• These nmnben en taken (wlUi dight modiflcatton not wortli ezplainlog heie) from 
Tables 88, K LXXZIY-LZZZYI. 
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out, (without which end it would indeed probably not ha?e been at- 
tempted,) 

i & ia. Velocities past same vertical. The real object was the Measiurement of 
the Mean Velocity past the Vertical, and finally the discovery of 
some easy means of rapid approximation thereto. 
ud. Mean Vetoeities pcut manif verHeale, The real object was the Mea- 
surement of Cabic Discharge, 
iii & iv. Central Surface Veiooity^ and Surface-Slope. The real object was the 
testing of existing formnlie for Mean Velocity, 

Althoagh, therefore, a great deal of the discnssions in this Work may 

appear to be of pnrely scientific interest, and of little practical yalne, it 

should be distinctly noted that the Data discussed were obtained almost 

entirely with the above important practical objects, and that very little 

time and money have been spent on obtaining Data unnecessary for these 

practical ends. 

[It may be noted that Step No. i is that advocated in the Mississippi Experiments 
Work (p. 292) as likely to he the moft practically useful as an initial step in the 
present state of knowledge, and that it has resulted in showing the Tnbe-Rod to be 
an Instmment extremely well suited from all points of view for the purpose]. 

13. External OonditionB.— By this term it is* proposed to denote the 
ensemble of (varying) Conditions which determine the velocities of the 
water at different points of a Cross-Section, that is to say external to, or 
independent o/, the Site itself, and of the state of the channel above and 

below it. Such are — 

1^ Depth of water at the Site. 

2^. Begulation of the supply from above. 

8^. Regulation of the Discharge below. 

4^. Surface-Gradient 

&*. SUte of wind. 

13a. Oreat Rakgb rbquisite.— It is clear that in order to discover 

the law of dependence of velocity at any definite point npon any of the 

External Conditions, it is necessary that Experiment should be made on 

velocities throughout a great Range of that Element, 6.^», taking the Ex* 

temal Conditions in the order of Art. 13, 
\^, from very low to very high water. 
2°, through a great range of regulation at head of Reach* 
8^, through a great range of regulation at tail of Reach. 
4°, from very gentle to high surface-gradient 
5®, from a calm to a high wind. 

ISb. Actual Range. — The Range of the External Conditions ac« 
taally obtained^ and ako that of the Resalta consequent, ate shown in 
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Abstract Table 82 for each of the different sorts of systematic Telocity- 
work (Art. 12) undertaken. The Range of the Conditions, and, there- 
fore, also of the Results, was in some cases very great indeed; especially 
in the case of the most important kind of work (Mean Velocity- and 
Discharge- Measurement) at the two principal Sites— 

*< SoUnf Embankment Main ", and *< BoUnf Right Aqnednct ", 

see Table 32. This makes the present Experiments very valuable^ no 
systematic Experiments with such a wide Range of External Conditions 
haying been hitherto published. 

[The two Sites in qnestion were both (see Chap. IQ, and Plate U.) in channels 
of a higbly.artificial character, viz. — 

Embankment Claj bed with brick and boulder ban, with masonrj stepped sidea 

Right Aqueduct, Rectangular masoniy section. 

It is nnfortanate that circumstances* did not permit of equally extended Experi- 
ment in anj of the Earthen Channels ; the Range of External Conditions, and, 
therefore, also of Results, actuaUy obtained in them was comparatively small, see 
Table 82* ^^ extenuye Series of Experiments in Earthen Channels is, therefore, 
still a desideratum]. 

14. Range. — This short term will be used with following meaning :— 

Range (^) = Difference between highett and lowest values of a number of 

quantities (of same kind), (18> 

The Range of the quantities in every Sub-Column throughout the 
Detailed Tables is entered in the last line but one (marked ^) of each 
Series or Table. In the Abstract Tables, the " Range line ^ is the 
second of the two lines appropriated to each Series. 

16. Measurement. — The terms Velocity-measurement, Discharge- 
measurement, Slope-measurement, &c., will frequently be used to denote 
the more or less imperfect measures of the several quantities Velocity, 
Discharge, Slope, &c., obtained by experiment, as distinguished from 
the real values thereof. For shortness* sake, however, the simple words 
Velocity, Discharge, Slope, &c., will frequently also be used, when the 
distinction (if required) can be readily supplied by the reader. 

1 6. Notation. — The following symbols are used, as a general rule, 
with the meanings below, throughout the whole Work. They are occa- 
sionally also used with other special meanings which are explained as 
required. Many other symbols are also occasionally used ; their mean- 
ings are explained as required. 

• Chiefly the qneBtian of expense. 
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Any deptii below sorface. 

Depth o£ mazimnm Telocity past any TerticaL 

Gange-Beading, Deptii aboye datum, &c. 

Central Depth, Depth on any vertical, &c. 

Hydranlic Mean Depth. 

Arerage depth of Obstrnction at Falls at Tail of Reach. 

Lengdi of Coani&ctar, Length of Bod. 

Nnmber. 

Valaeof Z-2-H. 

Sorfaoe-breadth, Wet Border. 

Area. 

Parameter of Telocity-parabola. 

Surface Fall in Upper, liCddle, Lower Snb-Reach, and whole Beach. 

Loeal Sorfaoe-Slope. 

Velocity in general, or at depth c, or at abaciaea y. 

Sarfaoe» Mid-depth, Bed Velocity (on any vertical). 

Central Velocity, also Central Surface Velocity. 

Mean Velocity past a vertical, or past a transversal. 

Mean Surface, Mean Mid-depth, Mean Bed Velocity. 

Central Mean Velocity. 

Mazimnm Velocity (on any vertical). 

Mean (Sectional) Velocity. 

Rod-Velocity. 

Value of i (»o + ^). 

Valne of 100 . VBS. 

Discharge past a vertieal or past a transvenud in iq, ft per see. 

Cubic Discharge in c.fL per sec 

Withdrawal by Distributaries in o, ft, per tee. 

Value of V-r w hy Experiment, lyr Bazin's Rule, by Entter's Rule. 

Value of U -r- r«, or of V-r- V 

Valne of 100 C-r(100 C + 25-34), (Basin's Bole for c). 

Value of V-T-Uo. 

Silt-Dennty on any vertical, Central Silt-Density in grt^per e. ft 

Mean Silt-velocity past any vertical in grt, per eq.Jtper »ee» 

Total Silt-Dischflirge in lbs. per »ee. 



17. Units^ — The units adopted thronghont this Work are — ^where not 
otherwise stated — ^the British foot, and the second. Feet and inches are 
indicated by the osnal single Q and donble (') accents. Thos, — 

Velocities are measured in feet per second. 
Superficial Discharges, in square feet per second. 
Cubic Discharges, in euhic feet per second. 
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18. Transliteration.— In transllterajbing names of places, and Hin- 
ddst^ni words, the Hanterian system has been followed, except in words 
that are in familiar use in other spelling. It mast be remembered that 
the orthography of the yemacnlar names of small places, snch as frequent- 
ly occur in this work, is not always itself well settled, so that different 
writers spell them slightly differently even when nsing the same trans- 
literation- system. 

19. Text) Tables, PlateSK — ^The Details necessary for the full elucida- 
tion of the Experiments are so very heavy, that it was thought best to 
divide the Work into three Volumes— 

Vol. I, Text ; Vol. n, Tables ; Vol. m, Plates. 

19a. Vol. I., TEXT.-^The Text contains the whole of the Description 
of the Experiments, the Discussion thereon, and the Results. The only 
Tables which appear in the Text are such as are either, 1** of a descriptive 
nature, or 2^ of a special kind only bearing on a particular point, or 
8^ very short Tables. All purely Experimental Data are relegated to 
VoL II, (Tables.) 

The Text is naturally divided into four very distinct Parts,— 

Part L, Chap. I-VIII— Preliminary and Miscellaneoas. 
Part IL, Chap. IX-XVI— Vertical Velocity-Cnrve Work. 
Partm., Chap. XVII-XXII— Transverse Velocity-Carre Work. 
Part IV., Chap. XXIII-XX VII— Subsidiary Work, and Conclosion. 

Each Chapter of the Text is divided into Articles, the subject matter 
of which ifl briefly stated at the beginning. Hesults are printed in a 
smaller type and indented so as to catch the eye. Articles of minor im- 
portance, or containing gres!t detail are also printed in small type, (not 
indented.) Explanatory matter of minor importance is printed in small 
type enclosed between square brackets [ .], and not indented. 

19b. Vol. II., Tables.— These are divided into two Farts, viz., 

Part I, Detailed Tables ; Part II, Abstract Tables. 

Detailed Tables. — ^These c^ontain the whole of the numerical details of 
the Experiments, t.^., the whole of the data, and also such detailed Hesults 
as depend directly on them. These are, therefore, the real primary Evi- 
DKNOB in hand. 

Ahetract Tables. — These contain an Abstract of the principal Data and 
Results (chiefly '< Means " and << Ranges ")' from the Detailed Tables, 
together with many additional (computed) Results deduced from them. 
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Reference to these (Abstract)- Tables will suffice for most purposes of 
illastrating the Discnssioiii and so save reference to the larger (Detailed) 
Tables. 

INoie. — The Tables are preceded bj a general Introdiiction (of onlj 4 pages) ex- 
plaining their Arrangement and Notation. This shonld be read before consalting 
them, as it is essential to a clear comprehension of them. The two Sets of Tables 
haye separated numbering and pagination, and are each preceded by a complete Table 
of Contents]. 

19c. Vol. III., Plates. — Very free nse has been made of graphic 
illnstration to exhibit whole groups of related Data and Results in a form 
which can be quickly taken in by the eye. In many cases a reference to 
the Plates will save the necessity of a laborious study of the Tables. 

[The Plates are preceded by a general Introduction (of only 8 pages) explaining 
their Arrangement and Notation. This should be read before consulting them, as it 
is essential to a clear comprehension of them. The Plates are preceded by a complete 
Table of Contents]. 

20. References.— To facilitate reference, the mode of division and 
numbering .of the Text, Tables and Plates, and of the several sub-di- 
visions and parts thereof are given below. 

20a. References, Tbxt. — The numbering of Chapters, Articles, 
Clauses, Results, &c., is as follows : — 

Chapters, in Roman numerals, as VL 

Articles, in black letter Arabic, as 14* ^ leginning of Article. 

Sulordinate Articles in black letter Arabic, with letters, as 14ai <i^ beginning 

of Article. 
Clauses, in two styles, as iv, or 4", a^ heginning of Clause. 
Rssults, in Arabic figures in brackets, as (26), at end of Result 
Sitbordinate or Connected Results, in Arabic figures with letters in brackets, as 

i26d)f at end of Result . 

The numbering of Articles and Results is continuous through any 
one Chapter, and starts fresh with each Chapter. In references within 
a Chapter, the Chapter No. is not quoted : in references to another 
Chapter, the Chapter No. is always quoted, thus- 
Art 14— iv, or 14 — 4% denote Article 14> Clause iv, or 4^ within the Chapter, 
Result (25a), or £q. (25a), denote Result (25a), or Equation (25a) within the 

Chapter. 
(}h. VI, 14— iv ; C!h. VI, 14—4® ; Ch. VI, (25a), denote the same as aboTC 
in CSiapter VL 

20b. Beferences, Tables.— The two Parts of the Tables bear separ- 
ate numbering, thus — 
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Detailed Tables, Nob. I— IXSXVI, Abstbaot Tables, Noe. 1~84| bo 
that for purposes of reference,— 

Tab. LXX denotes Detailed Table LXX ; Tab. 30 denotes Abstract Table JQ, 
In most of these Tables, the Series, Columns, Sub-Columns and Lines 

are distinguished as follows :-— 

Beridi, nambered in black lettor, as 107. 
Cohtmngf nnmbered in black letter, as 6- 

Sub^ohmns, some marked by special letters, as q, m, A, H, ft, B, A, B, v, u, U^ 
D, V, D, &c., 

some bj Arabic figures, as 41f, 80,' &c. 
lanet, some marked by special letters, as ^, «, v'. A* &c^ 
some identifiable by the dates given, as 9-l-'79. 

The abbreviations Ser., Col., Sub-Col., L., will be used for Series, 
Column, Sub-Column, Line, respectively in making references. 

20c. BefereACeSi Plates. — The numbering of Plates and Figures is 

as follows :— 

Platety nnmbered consecntiyely in Boman nnmerals, thns I— LIL 
Figures, some nambered in yarioos styles specially tot each Plate^ 

some bear the Serial No. in black letter quoted from the Tables. 

Thus, for purposes of reference, — 

FL XIX, iiia^ denotes Figure iiia of Plate XIX. 

PI. XX, 9, denotes Fignre 9 of Plate XX. 

PI. XXXI, Ser. 109, denotes Figaro marked Series 109 on Plate XXXL 

21. Works of reference.— Subjoined are two Lists of recent Works 
on Hydraulics (chiefly on Flow of Water) which may be found con- 
venient for reference— 

L Reports of the more important Hydraulic Experiments (on Flow of Water), 

published since 1850. 
n. Works on Hydraulics published since 1860, most frequently consulted in 

preparation of this Work. 

List No. I alone aims at tolerable completeness. For conyenience 
of reference, short Titles are given of the Works most frequently quoted 
in the Text. Many other Works (both experimental and theoretical) 
have been consulted in preparation of this Work, and are quoted as re- 
quired. 
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List L-^Experiments on Flow of Water, 



TiTLB, and fiwion of Kx pw lm enk 
Author ; Place and Date of pnbllcatloiu 



Short Title. 



Traite de la Mesore des EftDx CoaranteB, '45 — ^'52Boileaa'a 

BoUean, P. ; Paria, 'M Expta. 

Lowell Hydianlic Experiments, '47 — '52 Lowell Expta. 

Francis, J. B. ; Boston, '» 

Becherchea Exp^rimentalea relatiyea an monvement de I'- 

eaa dans lea tayanx, •• '49— '51 

Darcy, H. ; Paris, '57 

Beport upon the PhyBica and Hydraalica of the Miasia* 

aippil^Ter, « ... •• '51— '60 

Hnniptareys, A. A., ft Abbot, H. L. ; Philadelphia, '61 

Becherchea Exp^rimentalea aor I'^conlement de I'ean dana 

lea eananz d^oooTerta, ••• • '65— '60 

Darcj, H^ ft Basin, H. ; Paris, '96 

Die Internationale BheinatromMeaanng, '67 

Grebenao,H.; ICnnioh, TS 

Surrey of the Northern and North-weatem Lakea, ... '67— '69 

tin Beports of Chief of Bngn. XT. S. A., vix., Report of '68, p. M9, Appz. Wd.; 

Beport of '69, p. MS, Appz. ZA; Beport of '70-71, p. SM, Appz. AA, D.] 

Henry D. P. ; Washington, '69— '70 

Hydranlica of Great Rirera, ... ^ '70— '71 

BAvy, J. J. ; London, '74 

BeitrSge znr Hydrographie dea Eonigreich'a Bohmen, ••• '71— '72 

Harlacher, A. B. ; Prague, '7t— *74 

Theory of Flow of Water in Open Channels, '72— '78Irrawaddi 

Gordon, B. ; Baogoon, '7A 

LnproTement of Biyera and Harbonra in the Statea of 

OonnecticQt, ftc, '71 — '74 

rBopori of Chief of Bngrs. U. 8. A. for '7£, Part II, p. 300, Appz. AA 14}. 

Bllis, T. a. ; Washington, '76 

Beport of the Sarreya and Examinationa of the Conneo- 

ticntRiyer, '71— '74 

[Beport of Chief of Bngn. XT. 8. A, for "TS, Part I, p. 348, Appz. B. 14.] 

Bills, T.a.; Washington, '78 

Verslag aan den Koning, '78_*75 

Heemdsrk ; The Hague, '76 

Hydianlic ExperimeniB at Boorkee, '74— '75 

[Profl. Papers on Indian Bngng. Vol. 17. of '75, No. 18A1. 

Cnnningham, A. ; Boorkee, '75 

Beport on the Irrawaddi Riyer, 

Part m., Hydraalica of the Irrawaddi, '69 — '79 

Part IV., Hydranlic Worka connected with the 

Nawoon Biyer, ... >72 — 78 

Gordon, B. ; Bangoon, *79— '80 



Darcy Expta. 

^aB.Bep(Mrt 

Baadn Expta. 

BhineComm. 

Lake Biyer 
Expta. 

B4yy Expta. 
Elbe Expta. 



Beport of '75. 

GonnecticQt 
Beport of 75. 



Connecticut 
Beport of '78. 



[Not qaoted]. 
1874^ Beport 



Irrawaddi 
Beport of '79. 

Nawoon 

Beport 
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List II. — Other Wark$ on Hydraulics moat consulted. 



TiTLB, Author, Place and Date of pablloatton. 



Short Title. 



••• ••• ••• ••• 



••• ••• 



••• ••• 



Report on the Ganges Canal Works, 

Gaatleji P. T. ; London, '60 

Etades thtoriqaes et pratiques sor le monrement des eaax, 

Dapalt, J. ; Parie, '68 

Motion of Water in Canals, (Transl. of French Acad, of ScL Report 
on Bazin's Open Channels), •«• 
[Profl. Papers on Ind. Engng. Tol. Y of '68, p. 978] 

Anderson, J. a ; Boorkee, '68 

On the Steady Flow of aliqaid, • 

[Lond., Bdin., and Dublin Phil. Maga. Vol. ZLII of '71, pp. 184 & 849; Vol 
XLiy of '73, p. 80] . Moseley, H. ; London, '71 , '72 

Fragment containing a Discnsnon of a New Formola for the Flow 

of Water in Open Channels, 

(Gordon, B« ; Milan, li 

Ganging of Riyers, ... ... ... ... 

[Ftanklin Inst. Jonm., Vol. LXV of '78, pp. 805 & 882 ; Vol. LrTI of 78, 
p. 84]. Abbot, ^ L. ; Philadelphia, '78 

Discussion des Experiences les pins r^centes sor la distribution des 

yitesses dans nn conrant, 

[ Annalee des Ponts et ChaosB^es, Yol. X of '78, p. 809, Badn, H. ; Paris, '75 
and Profl. Papers on Ind. Bngng., Yol. YI of '77, p. 55, (tnuisl.)] 

Onnningham, A«; Boorkee^ 77 

Hydraulic Manual and Statistics, 

Jackson, L. D'A. ; London, '75 

On River Gauging and the Double Float, • 

fYaa Nostrand's EoIeoUo Engng. Magan Yol. XIII, p. 99]. 

Bobinson, S. W. ; New York, '75 

The New Formula for Mean Velocity of Discharge of Riyers and 
\^UBuneis, ••• *•• *•• .•• ... •«. ... ... ••■ 

Sutter, W. B., transl. by Jackson, L. D'A. ; London, '76 

Recent Experiments in ihe Flow of Water in Riyers and Canals, 
[Yaa Nostrand's Bdeotlo Bngng. Maga., YoL XYI, p. 521]. 

Bomemann, E. B. ; Transl. Anon. ; New York, '77 

Canal and Cuiyert Tables, • 

Jackson, L. D'A. ; London, '78 

Professional Papers on Indian Engineering, ••• 

Various, Boorkee 

Van Nostrand's Eclectic Engineering Magazine, 

Varione, New York 



Ganges Canal 
Report 

D n pni t 's 
Studies. 

Anderson's 

Motion of 
water. 



M oseley 's 
Steady Flow. 

Gordon's 
New Formula. 



Abbof s Riyer 
Ganging. 

Basin's 
"Discussion". 



Jackson's 
Manual. 

Robinson's 
Riyer Gang- 
ing. 

Eutter's New 
Formula. 

Bomemann ' s 
Reyiew. 

Jackson's 
Tables. 

Prof. Papers on 
Ind. Engng. 

Van No B- 
trand's Maga. 



CHAPTER II. 
mSTORY. 

FrtfoMw^The ntder who is not IntoMtod in the History of this Work ihoald raid only Art* 
I, h 4, ». 

1. OriginatioiL — The Design of this Work was ooDceiyed by the 
author when an Assistant Principal in the Thomason C. E. College.* 

It appeared to him that there was a great opportunity ready to hand 
in the presence of a grand Canal— the Granges Canal— close by, reqniriDg 
only a moderate Expenditure in Establishment and Plant for conduct- 
ing the actual Experiment, if proper superintendence were continuously 
awdldble. Accordingly he proposed to Goyemment a small scheme for 
ExperimentSi and yolunteered to superintend it himself (in addition to 
his College work:) this scheme was subsequently extended from time 
to time, according as appeared possible, t. d., within what seemed likely 
to receive sanction. 

S. Field-worky History. — ^The next few Articles (2a — e) are deyot* 
ed to a brief History of the Field-work, lasting in all about 4 years. 
An Abstract of the Cost will be giyen in Chap. XXYII. 

2a. Preliminary EgperimenU. — Only a small grant of money (Bs. 1,750) was 
asked for in the first instance for Experiments in the cold weather of 1874-75. 

A singlef Field-party was made np : Field-work was began on 9-12-'74, and carried 
on almost daily, till the ]5-4-'75, soon after which the Staff was broken np. The 
first month was employed in learning how to Experiment The remaining three 
months were devoted to systematie Telocity-work, yix. — 
1^ Comparison of Doiible^Floats, (8 patterns.) 
2*. Central Vertical Velocity-Cnrre Work. 
8^. Comparison of Bod- velocity with Mean Velocity past a vertical (given by 

Doable-Floats)— done along with No. 2^. 
4**. Surface Velocity Curve Work. 
5^ 'Mean Velocity Carve Work. 
The lield-work of this season was confined to thet SoUni Sites, and chiefly to 
the SoUnf Twin Aqaedacts, 

• AtBoorine,N.W.P.,India. 

t A Fteld-pwty ooDslstad of 3 Bnropean Obtervem, and 9 to 13 native petty employ te. 

X For deicriptlon of Bites, tee Chap. III. 
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An Accoant* of these Experiments was published in July 1875 ; so far as then 
known this Report was final. 

[The details of most of the Experiments of that Report haye been reprinted for 
completeness' sake in the present Work]. 

21), Season 1875-76. — The Acoonnt of the 1874-5 Field-work was soTeryfayor- 
ably noticedf by both British and Foreign Hydranlicians, that the author was encour- 
aged to apply for a further grant of Bs. 8,000 for the cold season of 1875-76. 

A single Field-party was again made up : the Field-work was begun in December '75, 
and carried on almost daily through the cold weather. The work done was of the 
same nature as before (Nos. 2®, S^, 4^ 5^, but was extended to embrace — 

2°a, Non-Central Vertical Velocity-Curre work in SoUni Right Aqueduct ; 
and was oon6ned as before to the SoUn{ Sites. 

As the season advanced, it became evident that in an ordinary cold weather only a 
small Range of water-level and of the External Oonditions could be expected at any 
one Site, and that consequently Conclusions of only limited value could be expected. 
As the Work progressed, the advantage to be obtained from carrying it on continuous- 
ly through a whole hot weather and rainy season so as to obtain Field-work at the 
extreme stages of high water-level (which is common in the hot weather), and of low 
water-level (which occurs for a short time in the rainy season) became increasingly 
evident. 

2c. Season 1876-77.— The advisability of carrying on the Work continuously 
without breaking up the Staff at the end of the cold season of 1875-76 as before in- 
tended was accordingly urged on Grovemment, and a further grant of Bs. 5,600 for 
the whole year]: 1876-77 was obtained. The Field-work was accordingly carried on 
continuously with a single Field-party from December 1875 throughout this year 
1876-77. 

The Work done was of the same nature as before, but was extended to embrace the 
following descriptions of Work :— 

Nos. 2^, 2?a, S^, 5*" at the SoUni Embankment Main Site, 

6^, Central Surface Velocity-Measurements along with No. 5^, 
7*, Surface-Slope Measurements along with No. 5", 
8^, SUt-Measurement, 
9^, Evaporation-Measurement, 
but still confined to the SoUni Sites. 

2d. Season 1877-78. — In this year sanction was obtained for a continuance of 
the Experiments for tfeo years definitely, viz., 1877-78, and 1878-79, with a single 
Field-party. A sum of Rs. 6,000 (afterwards increased by Rs. 1,660) was allowed for 
the first year 1877-78. The Work done was chiefly of the kinds Nos. 5^ 6*, 7** *, a 
little only of the kinds Nos. 2", 2®a, 8*, 4® being done to complete work of these kinds 
previously begun, and all at the SoUni Sites. 

• <'H7draalle Bzperlmenta at Roorkee, 1874-76*'. 

t See " Pioneer" Newspaper oC l6-10-'76, pnb. at Aiifthft>>^ • 
„ •* Bngineering *' of Sl.lS-76, and 7-l-'76 ; 

„ Van Mortrand*B Eclectic Bngineering Vaga. of May and Jnne '76, pp. 479, 64 S ; 
„ Comptes Rendaa (of French Acad, of Science) of Jaly '76, p. 189 ; 
bcBidee which, letters were reoeived from Mp. H. Basin, Oenl. T. Ellii, and Mr, B. Gtordon, (the hy- 
draolidans) enoonraging the author to oontlnae the work. 

t The Indian financial year begins on let April ; thus the flnaaoial year 1876-77 lasU firom l-4-'76 
toSl-3-'77. 
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Earlj in 1878 the anthor propossd the adyiaabilitj of carefnllj testing the system 
of Discharge-Measnrement adopted, bj having simultaneous Bischarge^Measnrements 
taken at different Sites. Government provided a second Field-partj for this special 
work in Febj. '78 : this work was begnn in March, and will be found described in 
Chap. XXI. A new Site was taken np at the 15th Milestone for this work. 

2e. Season 1878-79. — The Test-work above-mentioned was carried on into May, 
after which the second Field-party was broken np. The ordinary Field-work, Nos. 
2^—7®, was then resumed at the Sol&nf Sites. 

During the Canal closure (of August and September *78) the Fifteenth Mile Site 
was entirely remodelled in anticipation of work to be done there in the coming cold 
weather. 

Meanwhile the author proposed the advisability of testing the system of Discharge* 
Measurement adopted on a yet larger scale by simultaneous Discharge-Measurements 
above and below the fork of a large Branch Canal (near Jaolf). Government provided 
two extra Field-parties for this purpose in November '78 ; this Test-work was car- 
ried out in January — March '79. This and some other Test-work done by them at 
the Roorkee Sites is described in Chap. XXI. 

A largely increased grant (upwards of Rs. 8,000 in all) was given for this year's 
work. All the Field-parties were broken np, and the Field-work entirely closed in 
April 1879. 

8. Boration of Field-work. — It will be seen that the Field-work was 

carried on with a single Field-party at first for 4 months only (Deer. '74 

to March 75), and then almost continnonsly for S^ years (Deer. '75 

' to April 79) ; also that daring part of this time there were two or three 

Field-parties at work, viz. — 

2 from Feby. to May *78 ; 3 from Novr. '78 to April '79, 
80 that the Fibld-work may be said to have lasted pretty well 4 years. 
Thns these Experiments are amongst the most eztensire ever undertaken. 
[In this whole period there were only a few intermissions of Field-work of from a 
few days to a month, caused partly by stress of weather, partly by sickness of the 
Observers, partly by the interruption attending the changes of Observers']. 

4. Observer Staff. — The whole of the more important field-observa- 
tions of the Experiments, such as — 

1^ Accnrate determination of water-level. 

2^. Accnrate laying oat of the standard (50^) « Ran ", (Chap. IV, 22.) 

S^. Use of special Instrnments, (0.^., (Chronometer, Anemometer, Carrent-meter, 

Thermometer, &c). 
4*. Use of delicate Surveying Instraments, (e^,, Spirit Level and Theodolite) 

was done entirely by thoronghly trained European Observers. 

The regular " Observers " were all Overseers or ex-Overseers of the 
Indian P. W. Dept., and had, therefore, already a practical knowledge 
of surveying. In all the special hydraulic work (sach as 1^, 2^), and use 
of the special Instruments (8^), the Observers were in every case either 
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truned by the author himself, or by one of the preyioofily trained Obaer- 
rers, (and were in this case examined thoroughly by the anthor himself 
before being passed as " Obsenrers'':) the author abo satisfied himself 
as to the efficiency of each Observer in the nse of the Sarreying Instru- 
ments before accepting any work from him. 

[In a few cases, when from anj cause an extra Obserrer was wanted, the author 
himself acted as an "Obflenrer". In one special Experiment (Chap. VIII) serend 
of the Staff and Stadents of the Thomason OL £. College assisted as ** Observers " ; 
they were all instnicted in their special work by the author himself. With these 
exceptions the systematic fleld-obserrations were done entirely by the Staff of 
Obsoryers]. 

The '' Observers '' were all either Overseers detailed to the work by the 
Indian Public Works Department, or Non-Commissioned Officers lent 
from the Bengal Sappers and Miners, or men out of employ, as shown 
below. 

[The distingnishing •< Initial" in this and foUowing Tables is the "Initial^ by 
which the seyeral Obserrers are distinguiBhed thronghont the large Tables]. 



No. 



Namet 



Datb of 



Joining. 



LMTlng. 






Bemaria. 
rfd0.in«MH**Knd0"J 



1 

2 

8 

4 



6 

7 

8 

9 

10 

11 

12 



Sergt J. Warbnrton, R.A., 
Corpl. H. Rowe, U.E., .. 



••• 



Mr. A. Hall, 

Sergt \7* Porters, RE., .. 

Corpl. G. Grey, &£., .. 

Sergt. J. Tner, .•• .. 
Sergt G. Reynolds, R.E., 

Mr. J. Clowsley, 

Mr. J. Andrews, ••« •. 

Mr. C. P. Smith 

Mr. J. Callaghan, 

Sergt J. Belly ••• •• 



w 

B 

H 

P 
G 

T 

B 

el 

A 
8 
C 
B 



9-12-74 

6-12-76 

10-12-76 

20-11-76 
18-9-76 
10-9-77 

39-2-78 

21-2-78 

14-11-78 

17-11-78 

16-11-78 

9-12-78 

8-2-79 



10-6-76 
28-8-77 
20-4-76 

12-12-76 
24-1-81 
81-6-78 

1-6-78 
4-8-80 
6-6-79 
1-6-79 
1-6-79 
1-6-79 
1-6-79 



T.M. 

2-11 
0-4^ 

1-0} 
4-41 

0-7} 

O-Si 
1-Oi 
0-6§ 
0-64 
0-64 
0-4} 
0-3 



1st gde. Oyerseer, & 2nd 
gde. Saperrisor, P. W. D. 

lent from the Bengal Sap- 
pers & Miners. 

an ex-Overseer of P.WD. 

1st gde. Overseer, P. W.D. 

lent from the Bengal Sap- 
pers & Miners. 

1st gde.OTerBeer,P.W.D. 

Ist 

Ist 

2nd 

2nd 

1st 

1st 



I 



M 

n 



»» 



M 



l> 



If 
» 
» 

n 
ft 
»> 



[Besides the above, two more men (Mr. J. Chapman, and Mr. G. 8. Henry), both ex- 
Overseets of the P. W. D., were trained as Observers, one in Angnst 1877, and one in 
March 1878, to fill existing vacancies, bnt were discharged at their own request 
before they were folly trained]. 

The only satisfactory mode of provision proved to be the obtaioiiig 
Oyerseers from Uie P. W. D., as they were the only men whose services 
could be depended on. The men from the Sappers and Miners were lent 
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on too precariotu a teaon, being liable to eudden remoTal for regimentat 
duty : this liability led in one case (that of Coipl. Qray) to very seriooB 
inoonreniencd, as will appear hereafter (Chap. XXI). The entertun- 
ment of men oat of employ proved also Tery nnaatisfsctory. 

The changes of " Obserrers " were of conrso Teiy disadrantageoos 
to the Work, as the naw-oomeie often involved a loss of nearly a fort- 
nigbt^occnpied in instrnotion) — of nsefdl Field-work, and the ont-goer 
had always to sacrifioe Field-work to completing the " preliminary redoc- 
tions" (Art 7) of his own work. The actual cAan^ts were, however, not 
so freq^nent as might appear at first eight, as new-comers joining obont 
same time {e.g,, Noa. 6, 7 ; also Nos. 8, 9, 10} were of coarse uutmoted 
together. 

The Observers always worked in pairs, two in each f^eld-party, ac- 
cording to the following scheme. It will be seen that there was onls one 
change of Ike Senior (the most reeponsible) of the Ohacarec Staff, viz., 

Strgt. Waibnitou replaced bj SergL Porters in Angnet TJ i 
and as these two had worked together for nearly a year prerions to the 
change, there was a certain continuity of system in petty detaUs mn- 
ning throogh the whole work. 
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fi. Saperintendenee. — The Work, origmated by the anther as ex- 
plained, was execnted from first to lost oader his own Boperiotendence. 
Ihe whole of the experimental details were arrai^ed bj him, and 
dosely watchedby him from first to last. Similarly the Seduction and 
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Publication were carried oat under his own eye. Thus the Work has 
had the advantage of continuity of superintendence throughout. 

[From the beginning in 1874 to December 1878 the Field-work laj dose to Boorkee, 
and could be watched bj the author in addition to his current duties in College. Dur- 
ing the short period when the Work was greatly enlarged bj the formation of three 
Field-parties (Novr. '78 to April '79) arrangements were made to free the author en- 
tirely from College work ; so that his whole time was then giyen to their close su- 
perintendence. Again, during the first six months' (following the closure of the Field- 
work) of the Reduction of the Experiments, the author was relieved of great part of 
his College work, and thereby enabled to derote most of his time to the heavy work 
of Seduction. With the above exceptions, (i.e., Novr. 78 to Oct. '79), the work of 
superintendence was done by the author in addition to hi$ College work^, 

6. Design^ — The Work will be seen to have begun from small begin- 
nings, and to have gradually expanded in scope and importance as time 
went on. Thus it was not a Work originally planned out as a definite 
large scheme. This was a decided disadvantage. But it was a disadvan- 
tage inseparable from the mode of origination, design, and execution of 
the work by a comparatively janior officer single-handed, feeling it neces- 
sary to ask for funds from year to year according to tbe encouragement 
received. 

7. Bednctionr^A certain amount of primary Redaction of the Ex- 
perimental data, viz., 

1^ Computation of Wet Borders, Areas, Hydraulic Mean Depths, &c., 

2?. Computation of Surface-Falls, Surface-Slopes, Products 100 VH8 &c., 

8*^ Computation of Velocities, Discharges, Mean Velocities, &c., 

4^ Tabulation of related data of daily work, &c., 

SP, Miscellaneons Bednctions, 

was regularly done by the Observer Staff; each Field-party carrying out 
finally the primary Reductions above of its own Field-work. After the 
closure of the Field-work in April 79, the collation of this vast mass of 
primary Results, and Reduction thereof to some useful form, had to be 
done. The two oldest hands of the Observer Staff (Sergts. W. Porters 
and G. Reynolds) were retained as a '< Computing Staff" for this pur- 
pose. As the Reduction proceeded, the Results were gradually prepared 
in the form of Tables and Plates for the Press. At the same time the 
Text was gradually written up. 

[Nearly all the Tables were prepared bj the Computing Staff ;— the whole of the 
Plates were drawn by the author himself]. 

8. Pablioation^ — After 6 months' work of Reduction as above, the 
Tables and Plates were so far advanced (about half finished in HS.) 
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that it seemed adyisable to begin their publication at once without wait- 
ing for the completion of the whole Set ; the first batch was accordingly 
handed over to the Press* in Not. 79. From that time the passing of 
the Tables and Plates through the Press went on pari passu with the 
Reduction and Preparation for Press, as before. In Febmary 1880 this 
part of the work was so far advanced that it was found possible to dis- 
pense with one of the Computers (Sergt. Heynolds). The other (Sergt. 
Porters) was retained till the close thereof in December 1880. 

Thus the Reduction and Preparation for Press covered 20 months, 
(May 79 to December '80), including, however, the Publicationf of the 
very heavy Tables and Plates. 

[The practical advantage gained by this mode of gradnal Fnbllcatlon proceeding 
along with the further Preparation of Hesolts was yeiy great in saying both of time 
and expense. As a matter of fact, the two Works of Reduction and Fnbllcatioa 
hardly interfered with each other at all, each actually proceeding nearly as fast as it 
oonld have, had the other not been undertaken along with it, and neither singly being 
sufficient to occupy the whole time of the Computing Staff : so that had the Publi- 
cation been delayed till the whole of the MS. was ready, a delay of nearly a year 
(iuTolTing of course the salaries of the Computing Staff as Checkers) would have 
ensued. Many other minor advantages accrued. The only disadvantage entailed is 
that the actual sequence of the Tables and Plates (published as they were got ready) 
is not always the best ; but this is after all a trifling matter]. 

9. Financial SifBcalty. — The times in which this Work was done 
were peculiarly onfavorable to the ready provision of funds for it. The 
great famines in Bengal in 1873-74, in Bombay in 1877, and in Madras 
in 1877 & '78, followed by the Afghan War 1878-80, caused a continued 
pressure on the resources of the country, which made the provision of 
Funds for works not of pressing necessity almost impossible after the 
middle of 1877. From that time forward, the author felt the asking for 
funds to be a difficult matter. 

10. Services of ObBervers.— The work both in Field and in Office was veiy 
monotonous, requiring chiefly great patience and attention, and sometimes consider- 
able exposure under the Indian sun. 

It is due to the Observer StafE to reoord that they one and all accepted the work 
in the proper spirit, and carried out their share cheerfully. The chief credit of the 
success of the actual Experiment is undoubtedly due to the energy and ability of the 
two Senior Observers — 

Sergt Warburton, Deer. 74— Aug. 77 ; Sergt. Porters, Sepr. 77— April 79. 

Many useful hints as to details of the experimental work are doe to them. 

• Tha Tbomason 0. B. College Ptmi. t The pabUcation of tlie Text began tn Deer. '80. 
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After the doenie of the Field-woric, Sergt. Porters remained on as Chief Compnter 
until the close of the Rednction and Fnblication of Tables and Plates in Deer. '80. 
To his intelligent revision of the whole Work (Tables and Plates as they passed 
tiuongh the Press, and Text in MS.) many uaefnl details are dne, and also mnch of 
the general appearance and anangement of both Tables and Plates. 
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advice. 

6**. Mr. C C. Anderson, (late Chief Engr. of Irrign., N. W. P.,) for his warm in- 
terest in the Work, especially for rendering possible the important Test of 
the process of Discharge-measnrement described in Chap. XXI. by placing 
the services of 5 Overseers at the author's disposal. 
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Thomason C. E. College, for mach kindly interest in the Work, and especi- 
ally for permitting the anthor to oondact it in addition to his College 
duties, (without which permission it oould not have been done at all) 



CHAPTER III. 

SITES. 

Prt/aee,'~Ttdt Chaptflr contalna b detailed deicrlption of the Bxperlmental Sites. The reader 
whoi^Bot interested in each detail ihoald peas over Art. 8, lOa, 10b, 11, iSb, l8o, Si U— 17; and 
Zflfer back as occasion requires hereafter. 

1. , Ganges CanaL — The Ganges Canal— so called becaase it deryes 
its water from the Ganges — is the largest Canal in Northern India. 
It is about 350 miles long from its head near Hardw&r, (where the 
Ganges breaks from the great hills of Northern India into the plains,) to 
its oatfall at Cawnpore. In its upper portion it is about 190' wide and 10' 
deep, and discharges about 7000 cubic feet per second at full supply : it 
decreases gradually in breadth and depth, and volume of discharge — as it 
parts with water for irrigation — towards its outfall. Itgiyes off at eyery 
few miles small Irrigation Channels — technically called Distributaries 
— of from 20' wide and under, and in a few places gives off large Branoheb 
of 70' wide and under, which are themselves fair sized Canals. 

la. Canal Rbaohbs. — The slope of the country along the line of 
the Canal is generally too great for the Bed-slope of a Canal in soil 
abounding with sand. The Canal is accordingly broken up into Reaches 
on a gentler bed-slope than that of the country, by a series of Masonry 
Falls. In what follows the portion of Canal between any two adjacent 
considerable sources of disturbance, such as Regulating Works or 
Falls, will be called for shortness a Reach. It is clear that each such 
Rbaoh is a portion of the Canal quite distinct from the rest, and which 
may be considered as to all its circumstances of supply at the head, bed- 
slope, withdrawal at the tail, &c., quite apart from the rest. 

lb. Favorable /or Experiment — From the great size and large vol- 
ume of Discharge of the Main Canal near the head, and from the great 
variety in size, depth, and volume of discharge of its Branches and Dis- 
tributaries, and from its abounding in long, tolerably uniform, straight 
Reaches, it affords an eminently suitable opportunity for Hydraulic Ex- 
periments both on the large and small scale. 

2. Experimental Reaches and Sites.— A brief description of the 
Sites at which the Experiments were performed, and of the Reaches 
in which they lie, is given in the Table on next page. 
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Of these Sites, the principal, t. e., those at which the bulk of the ays- 
tematic Experiment was done, and at which also by far the greatest 
Range of External Conditions (and, therefore, also of Resnlts) was ob- 
tained, were the two following SoMnf Sites : — 

Sol&nf Embankment Main Site, and Sol&nf Right Aqaednct Site. 

The Soldni Left Aqueduct was used for systematic work for a few 
months only (in 1874-5). An important Series of three months' Experi- 
ments were done at the three Lower Sites, (all in earthen channels,) viz., — 

Beira, Jaoli and Eamhera Sites, — 
simultaneously ; important chiefly as supplying a Test of the Method of 
Discharge-Measurement. Experiments were done only occasionally at 
the other Sites, and in general only for some special purpose. A fuller 
description will, therefore, be given of the six Sites above-named than 
of the rest. 

S. Reaches, Plans and Lonol. Sections, (PL I, & III to YI). — 
Plans and Longitudinal Sections of the four Experimental Reaches, 
(Roorkee, Belra, Jaoli, and Eamhera) are given in Plates I, and III to 
VI, showing— 

1% positions of the Experimental Sites. 

2^, positions and levels of the Floorings of all Masonry Works, (sach as Regula- 
tors, Bridges, Falls, &c.,) and of the raised Crests of all Falls. 
8°, positions and levels of the zeros of all the chief Ganges used. 
4®, levels of one Datum line (or Gauge-zero) at each Site. 
6", rough outline of the Bed, (from levels taken once a year at every quarter 

mile at mid-channel.) 
&*, highest* water-level, plotted from water-levels (which are figured on the 

Sections) taken at most of the Ganges and Experimental Sites. 
[The outline of Bed — No. 5^ above — does not pretend to be anything more than 
a rough outline : the Bed is so rough that it has no really defined level]. 
Scales. The Plans and Longitudinal Sections are all on the same horiiontal 
scale of 1 mile to an inch, except the General Plan (PI. Ill) of the Belra, Jaoli and 
Kamhera Reaches, which is on a scale of 1} miles to an inch : the vertical scale of all 
the Longitudinal Sections is 10 feet to an inch. 

Mileage. In what follows, both in the Text and Plates, milestones in the Main 
Canal are nnmbered from the Hiead-works of the Canal at Mai6pnr (near Hardwftr), 
and those in the Anupshahr Branch from the Head-works of the Branch near JaolL 

4. High £bd-Slopb, Bcour. — The only permanent levels in the Bed 
of each Beach are the floorings of the permanent masonry works, (Re- 
gulators, Bridges, Falls, &c.) The Bed of the Canal was originally 
laid oat at a uniform slope between these. But this Bed-slope — about 

* The higbest water-levol reached in actual imbctice. 
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15* to a mile near Roorkee— gave rise to such a high carrent (in the 
Maiu Canal) as to canse great sconr of the earthen bed and banks, (t.^., 
of all parts not protected by, or defined by, masonry.) 

[This is well seen in the Longitadinal Sections of the Main Canal (PI. I, IV, V) : 
the outline of the Bed will be seen to be deeply hollowed ont between each of the 
permanent masonry floorings, which are, therefore, generally high points in the oatline. 
On the other hand heavy silting is shown in the Annpshahr Branch Canal, especial- 
ly in the upper part (jtee PI. VI, 2): bat this was due to the channel haying been 
widened oat in 1677 (the year before) with the effect of a redaction of relocity 
throagh it 

The original Bed-Slope, now often called the " Theoretical Bed *\ is shown by a 
clear black line in all the Longitudinal Sections]. 

In order to diminish in part the effects of this sconr, the crests of 

all the Falls were raised seyeral feet at yarions dates after 1863 ; so 

that all the Falls are now Obstructed Falls. Althongh these raised 

crests have no doubt diminished the velocity in the neighborhood of the 

Falls, they have not caused any considerable silting up just above them, 

(see the Longl. Sections, PL I, IV, V, VI.) 

[As the Canal water is often heavily chained with Silt (tee Chap. XXIV), and 
generally deposits silt when the corrent is slack, this is a proof that the water is 
everywhere in pretty rapid motion right down to the actual bed, even when that 
bed is mach (as much as 5') below the crest of an Obstraction (such as the crest 
of a Fall, or a Bridge-Flooring). This disposes of the idea sometimes advanced 
that an Obstruction (right across a channel) caoses a still water pool in the Reach 
above it up to the level of its own crest]. 

6. Variable Supply, and OontroL — The requirements of water for 

irrigation being very variable according to the season, and state of the 

weather, the Supply admitted into the Canal is very variable. Again, 

there is very great power of Control at the Tail of each Reach over 

the mode of passage through the Reach of the Supply admitted from 

the Reach above, so that a given Supply may pass quickly (with low 

level), or slowly (with high level), according to the Control at the Tail. 

[Observe that, the terms High Supply, Low Sxtpplt refer to the qaantity of 
water passing, without reference to water-level, whilst the terms High Watbb, Low 
Water refer to the water-level withoat reference to the quantity passing. Thns in 
consequence of the control, 

*'High Supply involves High Water, but High Water does not necessarily 

involve High Supply " (1). 

** Ii>w Water involves Low Supply, hut Low Supply does not necessarily involve 
Low Water", (2).] 

5a. DisTRiBUTARiss. — Thcso take their exit from the Main Channel 
a little above the Tail of each Reach. They can be opened or closed 
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either wholly or partially according as water is required for irrigation. 
The opening and closing of them increases or decreases the size of the 
Dibouchure or (sum of the Exits) from the Beach, and thereby lowers or 
raises the water-level near the Tail of the Reach, and at the same time 
increases or decreases both the Surface-slope and velocity for a given Dis- 
charge passing through the Beach. 

[The quantity withdrawn by the Distribntaries of any one Beach is so small, 
(compared with the fall supply of the Main Channel,) that the above effects are quite 
trifling when there it Full Supply in the Main Channel ; bat they become relatively 
important at times of Low Supply, {ue Ch. VII, 16c)]. 

6b. Control at Tail. — The Distributaries of any one Beach cannot 
be fully worked except at high water in the main channel, and not at all 
at low water. Means are, therefore, provided at the Falls at the Tail of 
each Beach of maintaining high water (when required) irrespective of the 
Total Supply of water passing throagh the Reach. 

The Falls are divided into a number of Bays (usnally 8, 9, or 10) by 
masonry Piers. Each Bay separately can be either partially or wholly 
obstmcted by lowering wooden Baulks or " Sleepers" (stretching from 
pier to pier) on to the top of the permanent masonry crest of the Fall in 
that Bay, with the effect of temporarily raising the crest of that Fall. This 
of course temporarily raises the water-level at the Tail of the Reach| and 
at the same time decreases the surface-slope and velocity for a given Dis- 
charge passing through the Reach. 

[This temporary obstruction is of coarse nnnecessorj at Fall Sopply in the main 
channel. The amount of sach Control possible is very great, being snificient to 
almost dose the Falls (in times of Low Supply), and so force a large portion of the 
whole Supply into the Distributaries leading out from above them : this has occa- 
sionally happened in the Roorkee Reach, when water was wanted for irrigation 
near Roorkee, and not much required below ; ste Ch. VH, 15c for examples of 
from one-half to one-fourth of the whole Supply being forced into the Distribu- 
taries]. 

5c. Oontroly Effect ok Expbbimbnt. — The great variation both of 

Supply at different seasons, and of Control over the mode of passage 

through a Beach of a given Sapply admitted from above, have enabled 

these Experiments to be done under a vezy wide '' Bange " of Conditions 

{see Tab. 32) in two distinct ways— 

]% nnder all conditions of supply, from full sapply (about 7000 c. ft per sec) to 
very trifling supply (about 100 c ft per sec.) at the same Site, 

2°, with widely different surface-dope and velocity ybr the same wateT'level at 
the same Site, 
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This wide " Range of Conditions " actually obtained, makes these Ex- 
periments very yaluable, (compare Chap. I, 13b). 

6. Sites. Cross-Sections, (Tab. I to IV, & PI. II— VI.)— The 
Average Cross-Sbotions of the Sites — obtained as explained in Chap. 
V, 13 — are shown in Tables I to IV. Two of the Average Cross-Sec- 
tions for each Site are shown in Plates II, IV, V, VI, usually those 
obtained at pretty high and pretty low water-level : these show in addi- 
tion to the outline of the Bed — 

1^. The Datum line to which the Watee-Levels are always referredi (by a 

clear line.) 
2^. The Datnm line from which the Cross-SectionB are plotted, (by a clear 

line.) 
S^, The Level of Bridge-Flooring next below the Experimental Site, (by a 

line in long dashes.) 
4^ The positions of the Sonndings (Ch, V, 13) and Float-Oonrses, (Ch. IV, 19,) 

(by long and short verticals.) 
5^ The levelof the Ropes(Ch. IV, 14) used for defining the Run, (Ch. IV, 22,) 
(by the npper dotted line.) 
[No. V* is either the Gauge-zero when a Gauge was available, or (in absence of a 
Gauge) either the Original Bed-Level or other convenient Level. 

No. 2^ either coincides with No. 1®, or else is an arbitrary line at a convenient 
depth below No. 1^ (everywhere below the Bed), so that the '* Heights of Bed above 
Datum" of the printed Tables I— IV, may be all positive qnantities], 

6a. Bed unfavorable, — It will be seen that the uniformity of Bed- 
slope laid down in Chap. I, 7, as one of the conditions necessary to a Site 
very favorable for Experiment on Motion of Water under simple condi- 
tionSf does not exist now on the Ganges Canal. The scouring out of the 
earthen Bed into a series of hollows, (between the masonry floorings,) and 
the presence of Obstructed Falls, makes it difficult to select a Site which 
shall not be attended with the disadvantage of being in a hollow, i.e., with 
its Bed depressed below the next Bridge-Flooring, or below the raised 
crest of the Falls at the Tail of the Reach. 

The Experimental Sites of the present Experiments were on the 
whole favorably situate as regards the last Conditions, their Beds being 
in general — 

1", not depressed below the next Bridge-Flooring. 

2", not depressed below the raised crest of the Falls at Tail of Reach. 

[These Conditions may be gathered from the Cross and Longitudinal Sections, 
thus— 

1". The level of the Bridge-Flooring next below each Site is shown on the (Tross- 
Section by a line in hng da^et. 
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2^ The level of the raised crest of the Falls at the Tail of the Reach is carried 
back bj a dotted line to meet the Original Bed-Leye) (clear line) in the 
Longitadinal Section of the Reach]. 

This last state (2®) is, however, liable to be disturbed by the practice on 
this Canal of temporarily raising the crest of the Falls (in stages of Low 
Supply) by timber baulks, so as to temporarily raise the water-level above 
for irrigation purposes (Art. 5b). 

7. Boorkee Reach, (PI. I.) — The Ganges Canal crosses the Bdtmti 
Torrent, ( see Plan, Fig. 1,) by a level crossing at Dhanauri. The Dha- 
nauri Works consist of an Inlet (on the right bank of the Canal) for 
admitting the Torrent, and a Dim or Escapje (on the left bank of the 
Canal) with 57 gates, which serve both to control the escape of the upper 
Canal waters down the Torrent bed at all times, and also to permit the 
escape of the flood waters of the Torrent ; and lastly, of a Regulator 
or Bridge of 10 arches across the Canal, just below, (and forming in fact 
the right bank of the Torrent,) each arch being furnished with Drop-gates 
for controlling the entry of the upper Canal waters and Torrent waters 
into the lower Canal. 

There is so much power of Control at all times over the water passing 
at Dhanauri, that the lowest of these Works, i.e., the Dhanauri Regulator, 
may be fairly looked on as the Head-Works of the Roorkee Reach. 
From this point the Reach is quite straight for nearly six miles, (see 
Plan,) i.e,, to Roorkee Bridge, and after a slight bend (near the 19th 
milestone) is quite straight for 3^ miles more, t. e., to the Asafnagar 
Falls. The upper six mile straight length seems eminently suited for 
Experiments. This length contains three descriptions of channel, each 
containing one or more Experimental Sites, viz.— - 

1^ Earthen^ (from Head to Mahewar Bridge,) ronghly trapezoidal, 2} miles 
long, contains 15th Mile Site. 

2^. Soldni Embankment, (from Mahewar to Roorkee Bridge.) Clay and boalder 
bed, with banks of masonry steps, 2} miles long, contains the SolAnf Em- 
bankment (Main and Minor) Sites. 

2P, Soldni Aqueduct, twin rectangnlar masonry channels 932^ long, containing 
the Sol4n( Twin Aqueduct Sites. 

A general description of the Roorkee Reach showing the nature and 
cross-section of the channel at different parts, the positions of the Ex- 
perimental Sites, and the levels of all important points, is given in the 
Tahle on next page. 
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The Longitadinal Section (PL I, 2) shows the (rough) outline of 
the Bed in four different years 1875 — 78, as determined by levels taken 
once a year along the centre line of the Bed at every quarter-mile. The 
Highest Water-Leyei Line (of canal practice) shown is determined by 
EeadingB taken at the Head-Gauge, at three Experimental Sites (as 
shown on Plate), and at the Tail-Gauge of the Reach. 

The Sites will now be described in detail in the order (quoted above) 
in which they are situate, beginning from above. 

8. Fifteenth Mile Sites, (Earthen Channel, PI. II, 1).— Very little 
systematic Experiment (only 17 Discharge-measurements in all) was done 
at these Sites, so that they are of minor importance. 

Old Site, This Site (i.0., its centre Cross-Section) was at the 15th mile- 
stone. A few (13) Discharge-measurements were made at it between March and 
May 1878, for comparison with Discharge-measurements made at same time at the 
principal (SoUnf Embankment and Aqueduct) Sites lower down. The Site was not 
well suited for the purpose, its bed being very rough, no preparation being possible 
at the time : it was selected there only as being about the best available at the time. 

• The Great Trigonometrloal Surrey {Q, T. S.) Datum is Mean Sea Level at EartebU 
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K€W Site. In tbe espeetation of further $ifwUmat%c Experiment being done at 
this Site in the cold weather of 1878-7$>, the Site was qjeciaUy prepared dnring 
the Canal-closore of 1878»bj leyelling and smoothing the bed for a length of 400', 
and by dressing both banks to a ronghlj nniform slope thronghoat the same length. 
The alteration effected was so great, that the Site became practicaUj a nen> Site 
{tee PI. 11, 1 \ the New Site is shown by the dotted line). 

[The centre Gross-Section of the Site was also transferred SO' above the 15th 
milestone to avoid a masonry drain which was found to interfere with the running 
of the Floats used, in consequence of its projecting somewhat firom the bank (after 
the alteraticms)]. 

Only 4 Discharge-measurements were made after all at this Site, (in consequence 
of more important woxk engaging the Staff elsewhere.) 

Cross'Seetioni. The Ayenige Ooss-Sections obtained as described in (}h. Y, IS, 
and taken as follows : — 

Old Site, 28-8-78, and 81-5-'78 ; New Site, 16-12-'78, and 28-4-'79, 
are shown in Table I, and one of each is also shown in Plate II, Fig, l* viz., 
Old Site, 28-8-78 by a clear line ; New Site, 16-12-78 by a dotted line. 

Water-Zeoel, There was no (permanent) Gauge at either Site : the Water-Lerel 
was determined always by one of the Temporary Modes described in Ch. V, 4, 7. 

Bed-Level, It will be seen (PI. II, 1) that a part, about 50' in width of the Bed of 
the Old Site (clear line) was below the level of the Floor of the Bridge (at Mahewar) 
next below the Site (shown by a line of long dashes) : whilst the Bed of the Kew Site 
(dotted line) was whoUy ahove that level. Thus the New Site was favorably, and the 
Old Site was somewhat unfavorably, situate. 

9. Solani Embankment, (PI. I, & II, 2).— The Ganges Canal is 
carried across the valley of the Soldnl Biver here about 2| miles wide, 
(/.«., from Mahewar Bridge to Roorkee Bridge,) in a lofty earthen em- 
bankment — the Sohhti Embamkmbnt— -which is about 2} miles long, 242"* 
wide at top, and 817' wide at base: the cross-section of the Banks is 
pretty uniform (PI. II, 2) for a length of 1| miles, (from a little below 
Mahewar Bridge to the Sol&ni Aqueduct- Approach,) and again for a 
length of ^ mile, (from the Sol&ni Aqueduct-Exit to Roorkee Bridge.) 

The Banks throughout these lengths consist of 12 masonry Steps plas- 
tered with fine plaster ; the lowest (or 12th) step* of 4' Rise, (above the 
original bed-level,) and the remaining 11 steps of about 9' Rise each, and 
all of 14' Tread, {see PL II, 2.) 

[The plaster is in many places now worn away ; and the Steps, which were origin* 
ally on a uniform slope, have sunk a little in many places, and are even broken 
away in a few places, so that the original strict uniformity of the Banks no longer 
exists : but they may still be said to be pretty uniform throughout]. 

The Bed between the (lowest) 4' Steps is 150' wide throughout It 
was made of clay, and was (originally) laid out on a uniform slope : but 

^ TUi 4' BlM of th# lowest Step Is elsewlieEe— for shortness— termed the i' " drop-wall.*' 

F 
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haying been mnch eroded by the cnrrent, it has been protected from far- 
ther scour by brick and boulder bars at frequent intervals. The Result 
is that the Bed is now very irregular throughout, (see PL I, 2, & II, 2.) 

9a. Solani Embankment Sites, (PI. II, 2 ; & XXYIII).— Experi- 
ments were nia4e at three different Sites (viz., one Main and two Minor 
Bites) within the above-mentioned unbroken length of 1| miles, of which 
a detailed description is given below. 

Wat&T'ZeveL There is no Gange at any of the Sites : the Free Water-Level was 
in all cases found by the Temporary Arrangement described in Gh. V, 7. The general 
nniformity of the steps admitted of this being done with great accuracy, as the water 
slips by very qaietly. 

Bed-Level It will be seen that the Bed {tee PL II, 2 ; & XXVIII) is a good 
deal scoured oat below the original bed-level (shown by a dear line), and also a good 
deal hollowed out on both tides qf the centre, 

[This is possibly in part dae to the obstruction of the Central Pier of the Sol&n( 
Aqueduct (about } mile below the Minor, and nearly I mile below the Main, Sites, eee 
Fl. 1, 1) causing the current to be somewhat slower about mid-channel {see any of the 
Veloclty-Cunres, PI. XXVIII ; & XXXIY to XXXVI) than on either side of mid- 
channel — ^an unusual condition^and thus admitting of greater scour on either side 
of mid-channel than at the centre]. 

10. SoLANi Embankment Main Sits (PI. n, 2).— One of iAi^ principal Ex- 
perimental Sites (i.0., one at which much eystematio Experiment was done) was 
situate about the middle of the above-mentioned If-mile unbroken length of the 
Sol&nf Embankment, (about 1| miles below Mahewar Bridge, and 1 mile above the 
SoUnf Aqueduct Central Pier, which are at the head and foot of this unbroken length,) 
see Plan (PI. I, 1). This Site will sometimes be called for shortness simply the 
Embankment Site. 

The Site was selected with some care in 1876, aa having as regular a bed — as far 
as could be ascertained by extensive soundings — as could be found in the neighbor- 
hood. 

Bed-LeveU A reference to either the Longitudinal or Cross-Sections (PI. 1, 2, & 
n, 2), will show that the Bed is only very slightly below the level of the masonry 
flooring next below, (the Sol&nf Aqueduct Floor.) This shows that the Site was 
well chosen, t.e., not situated in a sensible hollow, (a somewhat difficult condition to 
fulfil (Art. 6a). 

Croas-Sectione. The Sections shown throughout the Plates (II, 2 & XXXTV- 
XXXVI) for this Site are those given by the Soundings of 1 5-8-76 (dear line), and 
18-11-78 (dotted line), see Art 10a, b. 

10a< ^^0 y^ar* (1876—8) Constant Bed.— -'iioit of the systematic Experiment 
at this Site was done within the two year period from August 76 to August 78 ; 
the Canal was kept constantly rnpning throughout this period, so that no considerable 
silting up* of the Site oonld occur during that time ; also the Bed, being here pro- 
tected (as above-mentioned) by brick and boulder bars, is not liable to much scour. 
Thus the Bed at this Site would be pretty constant throughout that time. It was, there- 

• Thare wen two thort intarvAla of alaok water (la OctotMr 1877 and Julj 1878), bot it wis not 
tiiODfflil worth while to repeat the Booodinge. 



ART. 10a— 12. 35 

fon, considered ramecesflaiy to ascertain the figure of the Bed at frequent intervals, 
as would have been necessary in an unprotected earthen channel. The Cross-section 
was accordingly taken only twice in that period, y\z. — 

1^ On l5-8-'76, under very fayorable circumstances, tiz., when the water was 

low, (about S'i deep,) and the current consequently slack. 
2^. Again on 4-6-78 under unfayorable drcumstances, in deep (110 water, and 
in a swift current. 

The Results of these Soundings are shown in Table I (referred to a common datum), 
and will be seen to be closely alike, (as close as can be expected in such a rough 
bed.) 

10b. BedvariahU after August '78.— The Canal was closed for repairs in August 
1878 ; shortly after its re-opening fresh Soundings were taken (on 28-9-'78), and as con- 
siderable silting up was found to haye taken place— in consequence of course of the 
slack water — the Soundings were taken at short intenrals, (thrice in all,) yiz.— 

on 28-9-78, 18-11-78, and 16-12-78, 
1^., whenever Field-work was being done at thit Site, The Results are shown, 
referred to the common datum, in Table L It will be seen that the Silt was gradually 
scoured away, until about Deer. 78 the Bed was nearly in the same state as before. 

11. SoLANi Embankment Minob Sites, (PI. XXVIII).— A few Experiments 
(on Surface- Velocity Curves only) were done at two Sites within the above-meniioa- 
ed If mile unbroken length of the SoUni Embankment, about half-way between the 
17th and 18th milestones (gee Flan, PI. 1, 1) in Jany. 1875. The Average Cross- 
Sections (obtained as described in Ch. V, 18) were found to be so nearly alike, that 
the Experiments at the two Sites have been combined into a single Sebibs as here- 
after explained, Ch. YI, 14. The Average Cross-Section of the two Sites is shown 
in Plate XXVIH. 

[From an irregularity in the Surface-Velocity Curve (PL XXVIII) for these 
Sites, it was thought (for explanation see Ch. XVII,) that they were too near the 
SoUnf Aqueduct Central Pier, only half a mile below. Experiments were accord- 
ingly discontinued at them : so few were done that it was not thought worth while 
to give the details of the Soundings in the general Tables I to IV as for the more 
important Sites : neither have the Hydraulic Elements for these Sites been computed]. 

12. Solani Aqnedncty (PI. II, 8, 4).— The Canal is carried oyer the 
SoUnf River at a height of 25' abore the Riyer-bed in a fine masonry 
Aqnedact-Bridge of 15 arches of 50' span, 1 112' long and 192' wide. 
The Aqneduct is divided into two equal 85' waterways by a central Pier 
932' long and 8' wide, except at the two ends (or Pier-heads), which are 
B(/ long and 14' wide. 

The enlarged Plan (PI. II, 8) of the Aqnedact and Approaches shows, 
with the help of the Table on next page, how the single waterway 150' 
wide at bed of the SoUnf Embankment— of section shown in Fig, 2 — 
gradually widens to 172' in the 250' Approach to the Aqnedact, which 
width is continned uniform with yertical sides for a length* of 90', when 

• This lengtb wu iaeorrtetfy figured and plotted u IW in the 1874-5 Report. 
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it is parted by the 14' Pier-head into eqaal 79' waterway! with rertical 
fiides for a length of 80': these are enlarged by 8' offsets on each nde 
into 85' waterways, which are carried of the uniform section shown in 
Fig, 4 for a length of 872'. The Exit below this is precisely similar to 
the Approach. 

[In strictness the whole Embankment, 2| miles long across the SoUnf ralley, is an 
Aqaednct, and the portion of it crossing the SoUnf Riyer is an Aqnednct-Bridge. 
Local custom; however, has restricted the term Aqnedact to the latter, and Em- 
bankment to the whole Work]. 
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The Cross-Section of either Aqnedact is seen {Fig, 4) to be a rectangle 
85' wide with the two lower comers slightly roanded off, so that the 
bed-width is only aboat 8d'-25. 

[As originally constmcted the two lower comers were roanded off by 8' quadrants, 
thns reducing the bed-width to 82'. Bnt a layer of aboat 9" of concrete and bride 
laid flat was afterwards put on the original floor, thns raising the flooi>level aboit 9*, 
«nd greatly decreasing the effect of the rounding off of the comers. The two floor 
levelsf are shown in the Cross-Section, Fig. 4, by a dotted line (old Floor^, and clear 
line (present Floor)]. 

* This length wm ituorreeOf flgnred and plotted ab US' in the 1874-ft Report. 

« ThoCnM-SeoUon given in the former 1874^ Report is ineorrtel, faaTing been drawn from the 
oldSUndezd Plates of the Oanges Canal ; it shows tha original (Instead oC theactoalnlNd)Floor- 
lerel in oonseiiaenoe. 
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The public roadways OTerfaang ilie water V for the whole length of 
872', and are corbelled ont from a height of 7'- 3 above the bed, so that 
the water-surface is of the fall width (85') only when less than T*Z deep : 
the corbelling attains the fall width (3') at a height of 9''85 above the bed, 
BO that as the water-level rises from 7'*3 to 9^*85 above the bed the 
water-snrface decreases to 82^ ; for all depths over 9'*85 the water sur- 
face is 82', (see PI. I, 8). 

[This corbelling out preyents any ▼etodtyHneaBoxementB being effected nearer to 
the outer walls than 2f : this will be seen heieafter]. 

The present Bed or Floor is of bricks laid Hat, and generally very 
regular throughout its length : it was sometimes covered with a thin 
layer of fine silt, and was sometimes quite bare, (as could be seen in dear 
states of the water.) 

LOocaBionallj there were ixregnlar patches of eionee, bricks, lumps of day, &c., 
found in parts of the bed, (even at the Experimental Sites,) dropped apparently from 
laden carts passing on the roadways, and from laden baiges : these interfered a good 
deal at times with the use of Snbsorfaoe Instrnmeiita]. 

The outer sides are plastered throughout with fine plaster: the sides 
of the central Pier were plastered to a height of 6' only when the Ex- 
periments began (in 1874). 

l.Tbe plastering of the left sde of flieoBDtral Pier (forming the right bank of the 
I«ft Aqnedoct) was oonpleted to the foil height dnring the Canal-elosnre of 
Augost 1876: the other side (fMvung the Left haak of the lUght A^aedact) re- 
Biained ontoached whilst llie Bxperimente lasted]. 

12a. Solani Aqueduct Sites, (PI. IT, 8, 4.)— The two centre sec- 
tions of the Twin Aqueducts were chosen as the Experimental Sites. 
It will be seen that they are each at the middle of a channel 872' long, of 
very uniform (nearly rectangular) section, the Bed of which is very even. 

[This length %1^ is only aboat 10^ times the width of each channel : it seems that 
this length is not great enongh to warrant their being described as "miiform cfaaa- 
Bels of great length^. Itan is a want of symmetry of the Uoriaontal Velocity- 
Cures for these Sites about the cnrrent-axis of each channel — see any of the 
Plates XXVI, XXVII, and XXIX to XXXIII— which shows that the length of 
872' is not sufficient to establish the symmetry of motion about the axis of each 
channel which might be expected in a channel of great Ungthl, 

Bed'LeveL The present Floor-level (clear line in Pig, 4) will be seen to be above 
the Uoet of the flooring of the next Bridge (Boorfcee Bridge) beftow, so that the Sites 
are fayoxmbl j sitoate. 

Gauges, There are Standino Gauges (described briefly in Ch. V, 9) at both 
Sites, one on either side of the Central Pier : both Ganges mffle the water slightly, so 
cannot be read aocurately to the hundredth of afoot The Left Aquedoet Gange, 
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being the one most nsed for Cansl pnrpoees, was nsnallj read whenever Experiments 
were going on at the other Sites in the Roorkee Reach. 

[Soundings were taken occasionally only at these Sites. The depths of water all 
oyer the Experimental Sites were fonnd to be generally Teiy nearly the same all oyer 
the bed as shown by the gauges, with the occasional exceptions noticed]. 

121). Lbft Aqueduct SiTS.—This was the pnneipal Experimental Site in 
1874-5, («^0 1874-5 Report). Most of the public traffic, both by land and water, 
nsed this Aqueduct (in preference to the Right Aqueduct) : it was found to inter- 
fere so with the Experimental work, that this Site was given np as a principal 
Site on the resumption of the Experiments in December 1875 : from this time 
Experiments were done at this Site onlff when required in eof^unction with eimUar 
work in the Right Aqueduct. 

[This Aqueduct was closed for repair whilst the Canal was low (but still running) 
during part of August and September 1876, October 1877, and September 1878, by 
a dam of clay at loth end$ i (the whole of the water passing through the Right 
Aqueduct, whilst the closure lasted). The enclosing dams were not thoroughly 
removed on the two former occasions, so that from Angust 1876 till the Canal- 
closure of August 1878, this Aqueduct was partially ohetructed ; so that throughout 
this period less water passed down it at all times than through the Right Aqueduct. 
This will be seen in Chap. XXI]. 

12c. RicHT Aqueduct Sits.-— This Site was one of the principal Experi- 
mentfJ Sites throughout the whole period of the Experiments. Most of the sys- 
tematic Experiment was done at it No alterations were made in its Bed or Banks 
throughout the whole period. 

Experiments with Lrft Aqueduct closed. An opportunity occurred three times (in 
August and September '76, in October '77, and in September '78) for Experiment 
at tills Site nnder unusual conditions, the whole of the water in the Canal being 
passed through this channel, in consequence of the Left Aqueduct being closed for 
repairs. The central surface Telocity exceeded T per second on one of these occa- 
sions, although the water was low (only 4**78, see Tab. XV, Ser. 18). 

18. Belra, Jaoii, Eamhera Reaches, (PL III.)— Near the village of 
Jaoli the Canal throws off a large Branch Canal, the Anapshahr Branch, 
of 55' bed-width and 980 cubic feet per second yolnme of Discharge at 
Full Sapply. The neighborhood of the Head of this Branch was select- 
ed as a snitable place for a Series of Test Experiments hereafter explain- 
ed (Chap. XXL) The application of this Test inyolved simultaneons 
Experiment at three Sites- 
One Site— at Belra— in the Main Canal above the Branch-Head. 
One Site— near Jaolf— in the Main Canal below the Branch-Head. 
One Site—near Kamhera— in the Branch CanaL 

The Reaches in which these Sites are situate will be called the Belra, 
Jaoli, and Kamhera Reaches. These Reaches will be called collectively the 
three Lowbh Rsaghbs, and the three Experimental Sites therein will he 
called collectively the three Lower Bites. Their relatiye positionsi and 
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the positions of the Experimental Bites in them, are shown in the general 
Sketch Plan (PL III.) 

A brief description of the three Reaches showing the positions of the 
Experimental Sites, and the leyels of all important points, is given in 
Table on next page. The detailed Plans and Longitudinal Sections of 
the three Beaches are given in Plates IV, Y, YI. 

18a. Belra, Jaolt, and Kamhera Sites, (PI. lY, Y, YI).— One Ex- 
perimental Site as aboye was chosen in each Reach : the Sites were to 
some extent specially prepared (as detailed below under head of each 
Site) for these Experiments during the Ganal-closnre of August 1878; 
but the closure lasted so short a time, that it was fonnd impossible to 
dress the Bed at any of the Sites. The Beds of all three Sites were ac- 
cordingly yery rough at the time of the Experiments — (as may be seen 
by the Soundings, Tab. II, III, lY). 

Sounding*, The three Sites being all in earthen channels, it was considered neces- 
sacy to find their Average Cross-Sections (Ch. Y, Idb) at frequent short intervals : 
the Soundings were accordingly taken oruie a week. The Results are shown in the 
Tab. II, III, lY, all referred to a common datnm for each Site. 

WaitT'Levelt. A Still Water-Gauge had been provided at the centre section of 
each of the three Sites, (see Fig, 3 of each Plate,) by which the Still Watcr-Level 
could be read very accurately. The Gauge«Zero at the Belra and Jaoli Sites was 
nearly in the Original Bed-Slope (tee the Longl. Sections, Fig, 2 of each Plate). 

14. Belra Site, (PI. IV).— This was a Canal Discharge Site, t.e., a Site pre- 
pared for Discharge-measurement, and for many years used for this purpose by the 
Canal Staff. The Site was prepared simply by revetting the banks of the earthen 
channel with " kachch& pakk& " brick walls (bricks set in mud) with a batter of 
1 in 2, t.e., of 1 horizontal to 2 vertical — for a length of 250^. The Bed was an 
earthen one, and very rough. 

SituaUan and Bed-Level, The Site is not favorably situate for Experiment its 
centre section being (see Tab. on p. iO, & PL IV) only 743' below Belra Bridge, the 
Piers and Towing Paths of which may perhaps affect the motion of the water as 
far down as the Site, and must certainly modify the state of the Surface-Slope in 
the neighborhood. Moreover, the Site was in a decided hollow, its bed being so 
scoured out (see LongL and Cross-Sections, PI. IV) as to be about 2' below the level 
of the Floor of the Bridge (at Belra) just above, and also about 2' below the 
raised crest of the Falls at the Tail of the Reach (Jaolf). The Bed was, however, 
everywhere above the level of the Floor of the Bridge (at Bhopi) next below] 
(shown by a line in long dashes on the Cross-Section). 

[The Longitudinal Section shows that no Site could have been found in this Reach 
quite free from these disadvantages. This being so, it was thought that the actual 
advantages of the Site, viz., 

1**, having uniform permanent straight Banks for 250', 
2^» having a still water Qange, 
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8^, being the Site of the Discharge-measaremcnts taken by the Canal Staff, 
jostified nsing this Site in preference to selecting a new one]. 

15. Jaoli Site, (PI. y)«~This Site was newlj prepared for these Experi- 
ments (daring the Canal-closare of Angnst 1878), jnst like the Belra Discharge Site 
bj simply revetting the Banks of the earthen channel with *' kachchi pakk& " brick 
walls (bricks set in mad) with a batter of 1 in 2, i.e., of 1 horizontal to 2 vertical, 
for a length of 250*. The Bed (of earth) was left untoached, and was very rough. 

Situation and Bed-LeveL The Cross-Section shows that the Bed had been scoared 
oat to a depth of aboat l'*5, bat was still above the level of the Floor of the Bridge 
(at Dakh^rf) next below, and also (cee Longl. Section) above the raised crest 
of the Falls at the Tail of the Reach (C^hitanra). As far as levels go, the Site was, 
therefore, favorably situate. The Site was otherwise not very favorably mtaate for 
Experiment, its centre being {see Tab. on p. 40, & PI. V) only 2078' below Jaoli 
Begalator Falls, and being also situate in an unusually wide part of the Beach, 
(widened ont by erodon.) But its actual advantages, viz., 

1^ having nniform permanent straight Banks for 250', 

2®, having a still water Gauge, 

8% being favorably situate as regards levels, 
make it on the whole a favorable Site. 

16. Kamhbba Site, (PI. VT).— This Site was situate in the Anupshahr Branch 
of the Main Canal about 2| miles below its head, (PI. VI). It was newly prepared 
for these Experiments (in tiie Canal-closnre.of August 1878) by simply dressing the 
(earthen) banks roughly to a uniform slope for a length of 250'. The bed (of earth) 
was left untouched, and was accordingly very rough. 

Situation and Bed'LeveL The Sections show that the Bed of the Site was fairly 
on the general Bed-slope of the season, and above all masonry Floorings below it, so 
that it was favorably situate. 

17. Distributaiies, (Pl« XLI).— A few Experiments (Mean Velocities, and 
Central Surf ace- Velocities only, detailed in Tab. LVI, LXX) — meant solely as a 
check on the official Discharge Tables — were made in the f onr Distribntaries, which 
leave the Main Ganges Canal in the Belra Reach above Jaoli Falls (PI. Ill, IV). 

These channels are simply earthen channels of trapezoidal section, and were in 
good order at the time of the Experiments, the Beds and Banks being pretty well 
dressed. The Average Cross-Sections are shown in Table LVI and Plate XLL The 
poaitiona of the Ganges are detailed in Table LVI. 



CHAPTER IV. 
VELOCITY-MEASUREMENT. 

Prtfae$,—VLoA of this ChaptJer Is taken np with the practical and other detail cooected vfth tlM 
me of Floats (Art. 13—87). The reader who Is not interested in each fhU detail should pass over Art. 
18—18, 38—86, 88, SO, 88—88. 

1. Velocity. — This term (when taken alone) is commonly used in 
Hydraulics in a technical and limited sense very different to ite proper 
meaning: this should be understood from the outset. The following 
terms will be used with the meanings giyen : — 

CuBBBNT-AZiBi The intersection of a mid-channel yertical plane perpendicnlar 
to a cro8s-aection of the channel with the water-surface. 

Actual Vblocitt. The actual rate of motion, i.e., the ** Telocity " (in the 
proper sense) in the actual line of motion, (which may be in any direction, and 
subject to constant change.) 

FOBWABD Yblocity.* The retolved part of the Actual Velocity parallel to 
the Current-aaii. 

Vblocitt. This term (by itself) will be used usually in the sense oi (and as an 
abbreyiation for) Forward Velocity. 
The Forward Vblooity is the only part of the Actual Vblocitt of 

much use in practical questions, such as calculations of Dischargb, &c. : 
from this it has come that the term Vblocitt (taken by itself) is now 
ordinarily used in the sense of Forward Vblocitt in Works on practical 
Hydraulics, (though this is seldom distinctly stated;) and it will accord- 
ingly be so used in this Work. 

[Conyenience alone justifies the use of the term in this limited sense ; the term is 
of such constant occurrence, that the use of any periphrasis would be wearisome]. 

la. Particular velocities. — It is convenient to couple with the term 

Telocity the name of certain of the chief yerticals and transTersals of a 

crossHsection to denote the " forward Telocity" at any point of the named 

Tertical or transTcrsal. Thus the following terms haTe the meanings 

giTon :— 

i-» *- 1 ly i^iJL i Velocity past any point of the centre yertical. 

^ < or at centre of any transversal. 
JBdge- Velocity^ ••• Velocity at edge, or at any point of edge. 

* This term is adopted from Prof. Jas. Thomson's Paper "On the Flow of Water, Jic," at 
p. 118 of Pioogi. of Royal Sopy., No, 191 of 6.13-78. 
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M'ddsnth- > ^^^^^'^^^ P*^ *^® *^P» niiddepth, or foot of any yertical, 

P . " j * or at any point of the surface, middepth- or bed-transversal. 

2. Discharge, Bupkefioial and Cubic. — For shortness' sake the fol- 
lowing terms Tnll be need :— 

SuPEBFiciAL DiSGHABGB. The qoantity of water passing a straight line 
(say a Vertical or TransTersal) drawn in the Cross-Section of a channel, being 
obvioosly a saperfieial quantity (measorable in square Jeet per second), will be 
styled the Supbbficial Disohabob past thb Ybbtical or Tbansvebbal re- 
spectively, and will be denoted by D. 

[The most important cases of Superficial Discharge past a Transversal are those 
past the Surface, Middepth, and Bed Transversals : these will be styled shortly— 
Surface-Discharge, Middepth-Discharge, and Bed-Discharge]. 
Cubic Disghaboe. The quantity of water passing through the Cross-Sec- 
tion of a Channel being obviously a cubic quantKy (measurable in cubic feet per 
second) will be styled the Cubic Dischabge, and will be denoted by D* 
[This latter quantity (being pre-eminently the most important quantity in practical 
Hydraulics) is commonly called simply the DiscHABGBJ. 

For shortness' sake the diBtinctive terms surBBFioiAL, past thb teb- 
TiGAL OB TBANBVBBSAL, and CUBIC will frequently be dropped when the 
context' sufficiently shows what is meant. 

8. Average and Mean Velocity.^^It becomes necessary here to dis- 
tingaish between seyeral different sorts of '* means " of a number of yelo- 
cities commonly confnsed together under the single name '* Mean Velo- 
city ", for which short distinctive names are much required. The new 
names proposed are five in number, the term ** velocity '' being always 
used in the technical sense of '^ Forward Velocity ". 

i. AvBBAOE Velocity. The average or mean of many snocesiive ** forward 

velocities ** at one and the tame point in a cross-section, 
ii. Float Vblocitt. The mean of the " forward velocities " at ail points o/ 
a straight line of given length drawn parallel to the current^uns through 
any point in a cross-section, 
iil Mban Vblocitt (past a ybbtical). The mean of the '* forward velo- 
cities at all points of any Vertical in a cross-section. 
[The most important case is the Mean Velocity past the Central Vertical : for 
shortness' sake this will be styled the Cbntbal Mban VbixkhtyJ. 
iv. Mban Vblocity (past a tbansybbsal). The mean of the ** forward 

velocities" at all points of any Transversal in a cross-section. 
[The most important cases are— 

Mean Surface-Velocity, Mean Middepth-Velodty, Mean Bed- Velocity ]. 
T. Mban (Sectional) Vblocity, Mban Vblocity. The mean of the << for- 
ward velocities " at all points of a cross-rectum. 

The great difference in kind between several ot these Means will be 

obvious, ihua— 
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Na i is an ayerage (with respect to time) of yelocities at one and the same 
point 

Kos. ii to y are means of yelocities at different points. 

NOb ii is the mean of yelocities at all points in the line of motion itself. 

Nos. iii and iy are means of yelocities at all points of certain lines i» a erase- 
section. 

No. y is the mean of yelocities at all points of a eross'Section. 

Using the usual notation, viz., 
0, y, z for co-ordinates ; x lengthways, y transyerse, s yertical, 
H for depth, h for breadth, A for area ; v for yelodtj, t for time, 

the above Means are expressed symbolically as-^ 



No. i, / vdt -r- 1, "So, iif I vdx-~-Wf ^ 

e/ o e/ o 

No. iii, / f?(fc-f-H; No.iy, / riy -i- J ; No. y, / / rdfyi«-r A, 



(I)- 



Nos. iii and iy will be denoted by U with appropriate sabscripts explained here- 
after. No. y will be denoted by V. 

The great conyenience of short distinctive names for these quantities will appear 
abundantly throughout this Work. 

[The name of No. ii is chosen from its being the particular mean always given by 
all sorts of Floating Instruments. It is much to be wished that shorter and yet suffi- 
ciently distinctive names could be found for No. iii and iv : to ayoid the tedium of 
the periphrases as much as possible, the short term ** Mean Velocity " will be used for 
both wheneyer the context suffices to preyent confusion with No. y. The last (No. v) 
being by far the most important quantity in practical Hydraulics, it has been consi- 
dered imperatiye to preserve the use of the short term '' mean velocity " with this 
meaning (No. v) in which it has become familiar : when necessary for distincticm, it 
will be termed ** Mean Sectional Velocity ''J. 

4. Mean Velocity, Cokputation.— The three Meak Yelooitibs 
proper, viz., 

No. iii, past a vertical ; No. iy, past a transyersal ; No. y, through a section, 
haye throughout this Work inyariably been computed from their fundamental 
f ormuliB, viz.. 

Mean Velocity ] ry _ Discharge past the yertical _ D. /on 

past a yertical, ] ^ — Depth on that yertical " H* ^ ^ 

Mean Velocity \ jx ^ Diacharge past the transyersal ^ _D^ .^-. 

pasta txansversal,/^- Breadth of the transversal " b '"" ^^ 

Uu. Sectlcnl V<aocit,. .V = ^tc^!Zo, = I •<^>' 

which will be admitted to be the proper mode of obtuning them, provided 
of course that the Discharge-measurements on which they depend are 
BufEiciently approximate. 
4a. Mean Velocity, Erbob.— It will appear in the sequel that the 
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Superficial and Cubic Discharge-Measorements depend virtuaUy on two 
and three factors respectiyelj, thns — 



DiBChftrgo-MoasurBmexkt* 



Facton contained. 



FonnnUu 



Put a vertical, 



#•• 



Fast a trazibyersaly... 



Cubic, 



■ • • .k. 



One depth-factor (H), and one yelocity-faetor 
^say \jjt ••• ••• .•• ••• •■• ••* 

One breadtb-factar (b), and one velocity-factor 
^S&y *-i/i ••• ••• *** ■■• *** *•• 

One depth-factor (H), one breadth-factor (ft), 
and one velocitj-f actor (say V)» 



U.H 
U .h 
V.JH 



and are, therefore, liable to error, dae to error in estimation of each one of 
those factors. 

But, in computing the seyeral Mean Velocities, the same yalues of the 
depth (H) and breadth (b) haye inyariablj been used in the denomina- 
tors of the expressions (2a, 5,c) as were taken in computing the original 
Discharge-Measurements which form the numerators of those expres- 
sions. Hence ariaes a nearly perfect compensation, so that in fact — 

** The Mean Velocity-measurements are not sensibly affected by snch errors in 
the Discharge-measorements on which they depend as arise solely from error in 
estimation of depth or breadth'*, (8a). 

Thus ultimately— 

" The only sensible errors in the Mean Velocity-measurements (U and V) are 
those in the primary velocity-measurements nsed in compnting the Discharge- 
measurements themselves ", (Si). 

5. Velocity-Meters. — Any Instrument used for yelocity-measurement 
may be termed a Vblooity-Mbter. Many different kinds haye been 
proposed and tried by yarious Experimenters : they may be roughly class- 
ed as Fixed Instruments and Free Instruments (or Floats). 

5a. Fixed Instruments. — These are Instruments which being held 
more or leas fixed in a given position in the water, measure the current- 
yelocity past them more or leas indirectly. They are made of many 
different patterns, but are all open to numerous objections : there is one 
principal objection, yiz., the delicacy of obseryation required, which neces- 
sitates the use of most of them from a very steady bridge, the erection of 
which oyer a wide channel is of course impracticable. Their use is, there- 
fore, nearly confined to small channels. 

[This objection does not apply to Cnirent-Meters, which haye been Bocceaafally 
need on many large riyers. The use of these will be diacnaaed in (3b. AAJli.] 
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Sb. Floats. — By this tenn is meant any sort of '' floating appasatm ^ 
vrbich is dropped into, and abandoned to, the carrent. For shortness, all 
snch Instruments, of whatever pattern, will be called simply Floats, 
(whether only slightly or almost wholly snbmerged.) 

All Floats, of whatever pattern, consist essentially of two distinct 

parts, — 

1°. Svhnerffed parts, intended to be exposed to the cnrrent-actlon. 
2^. Hxpoted parttf intended to senre two pnrposea. 

{a), as a marktr, to render the Float visible from a distance. 

(b)f ag a reserve of buoyancy, sufficient to bring the Instmment to the 
snrface qaickly after any accidental submergence. 

The Floats nsed in these Experiments were of three distinct kinds — 

i SUBFApE-FLOATS, foT measnring snrface Telocity, (Art 18.) 

ii. Double-Floats, for measuring subsurface velocity, (Ch. IX, 12.) 

iii. Loaded Rods, for measuring mean velocity (past a vertical), (Ch. XV, 7.) 

6. Essentials of a Float.— The following are the *^ General Con- 
ditions '* which should be fulfilled by all Floats, of whateyer kind : — 

1^. The parts exposed to wind should be the least possible consistent with the 
function of serving as a ** marker ", and of possessing sufficient reserve of 
buoyancy to bring the Instrument quickly to tbesorfaoe after any accidental 
submeiigence. 

2^. The submerged parts should be the least posnble consistent with their sever- 
al functions, so as to disturb the natural motion of tho water as little as 
possible. 
[In these Experiments the maximum width admitted (of either 1^ or 2^) was 8*]. 

3^. All parts should be of such shape as to expose a nearly constant surface 
(both directly and laterally) to both wind and current, however the Instrument 
turns during its motion, after attaining its terminal velocity. 
[This points to the use of spherical and cylindric shapes in preference to all others'}. 

4^ All parts should be of such materials as to be little affected in their mutual 
adjustment by alternations of extreme moisture and dryness. 
[This points to the use of metal in preference to wood or other hygroscopic materials]. 

6®. The Instrument should be convenient to handle, and strong enough to bear 
moderately rough handling. 

G°. It should be cheap enough to admit of being made up in large numbers, and 
light enough to admit of being carried about also in large numbers. 

Of these ^* General Conditions ", which should be fulfilled by every Float 
of whatever kind, Nos. 1^, 2^, 8^, are essential to the requisite delicacy of 
the Instrument ; No. 4^ is a practical condition of great importance which 
is very difficult to fulfil in any hygroscopic material such as wood, cork, 
pith, &c, along with the conditions 1^ and 2^ of making all parts as 
small as possible. 
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?• VloalrSotioil* — So many objections haye been raised* at times to 
th« use of Floais of any sort on score of inaecnracy, tbat it seems neces- 
sary to discuss the question pretty fully. This occupies the next few 

Articles. 

7a. ForWftrd-yelOOit7«--Oii bdog abandoned to the eorrent, all Floats, of 
whatever kind, move at first irregnlarlj, bat acquire after a time a state of relative 
equUibrium with the fluid strata in which they are moving. After this state of rela- 
tive eqnilibriam (not necessarily a state of nniform motion) has been attained, the 
TiMB (jt) of passage of the Float across the space between two parallel cross- 
ections of the stream at a known distance («) apart is carefnlly timed, and the 
Forward Velocity (px) of the Float— hereafter called Float-Yblocity— is as- 
nmjtd to be given as the quotient. 

Forward 7 perpend, distance between the cross-sections 9 

velocity, ) time of passage between the cross-sections ' * 7* ^ 

This is obvioasly tme so long as the motion of the Float (between the cross- 
sections in qaestion) is uniform and also parallel to the current- ageie, 

7b. Ohlique and Crooked J'loat'paths.-^lt is matter of observation that Floats 
seldom move really parallel to the current-axis : it may be ^own, however, that the 
above Result (4) is always the required ''forward velocity" of the Float, i.e., the 
reeoloed part of ite actual velocity (9) taken parallel to the current-axis in the two 
following cases : — 

1^, when the motion is uniform, and the Float-path straight 
2^*, when the forward motion is uniform, even though the Float-path be crooked). 
Casb 1^ It is clear that— 

!= Actual velocity x cos inclin. of float-path to current-axis, 
lenirth of float-path • i* i.* 1 
= —T.- i " — X cos inclination as above, 
time of passage 
perpend, distance between the cross-sections ^- ^ 
time of passage ' " ^ ^' 

which proves the proposition. 

Case 2^. Let tj, t^ t„ &c, be the times of passage of the Float through the very 
short lengths «|, «„ s„ &c., whose projections on the current-axis are orj, w.^, «„ &e. 
Then, as before, the "forward velocities" in the short lengths <i, ^3, f^&c, are 
»i -T- tg, «*! -r ^ &C. Hence since the forward velocity is constant (by hypoth.), 

!=ii = -^ = ?i = &c= *i + ^t •>• J^a ^^ ^^- 
ti tj f, ti + ti + f , + Ac' 
perpend, distance between the cross-sections 
^ time of passage *** "^ ^' 

which proves the proposition. 

7c. Float- Velocity. — 1° consequence, however, of the Unsteady Motion of the 
water (as will be explained in Ch. VI, 4), the motion of a Float is seldom continu- 
ously uniform and rectilinear (as required in Case 1"), and even its forward motion 
is seldom continuously uniform (as required in Case 2^), so that the Quotient (4) is 
certainly not in general strictly equal to the " Forward Velocity ** of the Float at 
a particular point, but is really only a sort of — 

* *te Lake Blver Report of 1669, p 663 for an Bpltoma of theNi 
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« ATerage or Mean of ibe 'Fonrard VelodtieB ' of the FiiOAT tihionghont the 

space between the fixed sections", or, in symbols, =( / v^dan-r-aff (6). 

This quantity— obtained as tiie quotient (4) — will be called for shortness the 
Float-yblocitt, whenever necessary to distinguish it from other velocities. 

74. SmaU FloaU^Stxt the principle of the use of FLOATS in general depends 
on the following Hypothesis as to SmaU Floats : — 

Hyp. The motion of a very small Float—when it has attained the state of re- 
lative eqailibrinm with the flaid— is assumed to be the same as the average motion 
of the fluid particles displaced by it in succession, (7)* 

Assuming this then, it follows that — 
** The Float-velocity may be taken as the measure of the current-velocity ",...(8), 
this last term being understood in a similar sense to the former, viz., not as the Actual 
Velocity nor even as the Forward Velocity of the fluid at a particular point in the 
channel, but only as a sort of — 

** Average or Mean of the * Forward Velocities * of the fluid particles succes- 
sively displaced by the Float throughout its path (between the fixed sections)", (9). 
A Float does not of course follow the motion of individual fluid particles as they 
sink or rise, so that the fluid particles displaced — alluded to above— are d^erent 
particles in succession at successive points of the Float* path ; and thus, — 

<* A Surface-Float measures the average of the forward surface-velocities of the 

different particles successively displaced by it", (9a). 

** A Sub-Float measures the average of the forward subsurface-velodties (in its 

path) of the different particles successively displaced by it ", (9J). 

7e. Large Floats.— Tht above cannot be fairly aftsutned in the case of large 
Floats. This must in fact remain a subject for special investigation : this question 
will be taken up for the case of thin loaded Rods (floating nearly vertical) in Chap. 
XV, The importance of the use of very small Floats will now be understood. 

7f. Quickness of Float-motion,— It has been urged by some that Floats always 
move quicker than the neighboriog water, and this on very different grounds, thus— 
Dubuat writes (Priucipes d'Hydraulique, 1816, Vol I, Art 220)— 
« A body floating freely on the surface of a uniform current ought to take, and 
does in fact take, a uniform velocity greater than the central surface velocity ♦ 
i» • « * * When any body whatever floats on a current 

which has a slope denoted by 1 -r &, it is situated on an inclined plane, and has 
consequently a Movingf Force equal to the weight of its displacement of fluid 
multiplied by the fraction 1 -7- 6 ; that force tends to make it descend, and would 
aocelerato its descent without limit if the body suffered no resistance : then, if we 
suppose this body moving simply with the velocity of tiie fluid which surrounds 
and supports it, it wUl be at rest relatively to tiie fluid, and will suffer no resistance 
from it Thus ito Moving Force will remain intact, and will impress on it repeated 
incremento of velocity, until the excess of ite velocity over that of the fluid pro- 
duces a resistance equal to that force ; then it will continue to move uniformly, 
and at each instant its Moving Force will be in equilibrium with the resistance 

t « foroe aosffltratrtee "-The context shows that what in called " Moving Force" In Goodwin's 
MecbaniOB is hero meant. 
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which it sntfers from the fluid. The greater the displacement of water by the body, 
the greater will be the Moving Force of the body, and the greater also will be the 
exoees of the miif orm yelodly which it will acquire over that of the fluid ; * 
# • • •,»' 

Navier reprodnces this aignment (B6lid6r's Architecture Hydranliqne, New Ed., 
1819, see Note on p. ^8, VoL I) in almost similar words. 

Both these writers appear to assome that the terminal velocity in question will cer- 
tainly be greater than that of the neighboring fluid : their argument appears, how* 
ever, only to show that there will be some terminal velocity which mSlprohably le 
Hkd same as that of the fluid, for it seems clear that the same argument would apply 
equaUy to any particle t^ fluid. In later years the same thing has been urged on 
new grounds. 
Froi Weisbach writes (Mechanics of Machinery, &c, 1847, Vol I, Art 876)— 
** As a rule, especially with large and floating bodies, as ships, &c., the Telocity of 
the swimming body is somewhat greater than that of the water : not so much be- 
cause these bodies in swimming float down an inclined plane formed by the surface 
of the water, but becaune they take none, or scarcely any, part in the irregular inti- 
mate motion of the water ; still, the yariation for small floating bodies is so slight 
that it may be neglected. " 
Again, Prof. Jas. Thomson writes*-(Royal Socy. Froc of 12-12«'78, p. 124)— 
** On the principle put forward above * * * * a large and 

heavy boat, even if flat-bottomed and of shallow draught of water, would run 
down the river-course quicker than the water in which it swims ; for the reason 
that while all the water surrounding it makes occasional visits to the bottom of the 
river, and meets with great retardation there, the boat does not dive to the bottom, 
and is free from any such retardation, • • • • •/> 

It might be thought at first sight that this would form a great objection to the use 
of Floats, But this is not the case. For all that is stated is that Floats which are 
in or near the surface move quicker on the whole, than the individual fluid particles 
which urge them, do on the whole. Now, granting this, it remains nevertheless true 
(as explained in Art 7d) that — 

** Very small Floats do move forwards, ie., down-stream with the average ' forward 
velocity ' which the fluid particles which come in contact with them from instant 

to instant have at or about the time of contact", .....(10). 

And this is all that is required : for all the Results (5a) — (9ft) above still obtain : 
80 that Surface-Floats measure Surface-velocity, and Subsurface-Floats measure 
Subsurface-velocity, provided always that they are very small ; whilst the case of 
large Floats has been reserved for special Examination. 

[It is dear that most Velocity-Meters are pretty much in the same position in this 
respect, vis., that they do not aim at tracing the paths of individual particles, but 
aim at measuring the average of velocities of successive particles either— 
1°, at definite points, as with most Fixed Instruments. 
3®, along definite lines, as with Free Instruments]. 

8. Velocity at a point, — It will be seen that a Float-Telocity is not 
Btrictly a measure of the forward Telocity at a particular point. As it 
is, howeyer, convenient (to avoid wearisome periphrases) to use the fami- 

H 
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liar phrase 'Velocity at a point "i the following usage will be adopted 

in this Work:— 

*< Float-velocities will be held to be Teloeitj-measnrements at points in tke 
EwperU Section, i. e., at the middle points of the Float-ConrBe (Art 19),".«...«(11). 

The short phrase '^ relocitj at a point*' will accordingly be freely used 

in this Work, it being understood to have the above meaning (when Float- 

Telocities are in question). 

9. Favorable Conditions, '•^The conditions that are favorable to the 
nse of floats are pretty mach the same as those laid down (Ch. I, 7) 
as favorable for Hydraulic Experiments under simple conditions^ viz.,— 

** The rite ahonld be sitaate in a straight nnifonn Reach of great length, i. e,f 
with nnifonn Banke, nnifonn Bed, and nnifonn Bed-slope for a great distance 
both above and below the Site", ^ (12). 

In fact Floats are quite nnsuitable for ose in cases where the orose- 

section, bed- slope, or surface- slope change rapidly. 

10. Irregular banks unfavorable, — Moderate irregularities in the 
banks do not greatly affect the use of Floats at a good distance from 
them : but — in consequence of the irregular motion induced in the water 
near them — they render their use difiScult at a certain moderate distance, 
and even impossible pretty close up to them. 

Bat with very long straight nnifonn banks, Floats can be used pretty 
close up to the edge : though in this case also their use is difficult very 
close to, and increases with approach to, the edge. 

[At the Sol&nf Embankment and SoUni Aqnednct Sites, Floats were nsed^with 
■ome difficulty of conrse— at about 7^ from the edge. Any closer oae than this waa 
fonnd practiodly impoerible]. 

11. Advantagea of Floats.— When well designed and nsed under 
favorable Conditions, the following advantages are claimed for Floats 
over Fixed Instruments of all kinds :— 

l^ In consequence of floating freely in the cnnent they inter/ere very sHgkOy 
with the natural motion of the corrent, (far less than any Fixed Inatm- 
ment) 

2^. They measure the current-velocity directly, whereas all Fixed Instruments 
measure the current-velocity more or less indirectly s indirect measuiement 
is in itself a great ffource of error. 

8^. They can be used in streams of any rise, whether large or small, whereas 
most Fixed Instruments (except perhaps Current-Meters) fail in large or 
swift streams. 

4^ They are not senaibly affected by the presence of either silt or small weeds, 
whereas Fixed Instruments are liable to injury from sIH, and fail alto- 
gether in piesenoe of weeds. 
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1^. Thtj metflnre the '* Forward Velocity ", whereas many Fixed hstnimeDts 
measiire (in their ordinary use) either the whole cnrrent-yelocity, or its whole 
horizontal part. 
•*. They can be made up and repidred by common workmen, whereas Fixed 
Inatmmenta are extremely delicate, and can only be repaired by profeased 
Instmment makers. 
7^ They are reiy cheap» whsreas Fixed Instmments are expensiye (£5 to £12 
is a common price). 
11a. BuBFAGB- Floats, Advantages. — ^As to the advantage of Floats 
for surface vehcity-measurement, it will be sufficient to qaote the opinion 
of the International Rhine Measarement Commission, {see p. 85,6 of thdr 

Report). 

^ Aeeuraey of Float' MeasuremenU.-^'FoT large rivers Floats are in eyery way 
the simplest, surest, and cheapest means for measuring snrface-yelocities. They 
axe, eren when other InstmmentB and Methods are ayailable, continually resorted 
to as a means of comparison. For high water of large riyers, the Floats are on- 
questionably the only means applicable to the obseryation ". 

12. Use of Floats in this Work. — For the above reasons Floats 
were exclusively used in all the systematic work in the present Experi- 
ments. It is not pretended that Floats are by any means perfect ; one 
form, the Donble-Float, {see Ch. IX, 8,) has serious disadvantages: but 
it is by no means certain that Fixed Instraments have not eqaally great 
disadvantages. On the whole, the numerous advantages stated seemed 
to the author to justify an exclusive reliance on Floats. The justification 
of the use of the Double-Float will be given in full in Chap. IX, 7. 

It will suffice to say here that most of the Sites used in these Experi- 
ments were favorable, and some very favorable (even close to the banks) 
for the use of Floats. 

[A few trials of Corrent-Meters were made in the present Experiments : the exper- 
imental difficnlties attending their nse were not got oyer, so that scarcely any nse has 
been made of the results obtained]. 

18. Sizrface*Float6« — The patterns used on this Work were two— 

Pattern i. 8' pine Discs from |' to i" thick. 
Patttfrn u. 1" to H" cork Discs from i* to y thick. 
Pattern i was adopted for general nse, Pattern ii for nse near the margin ; except 
when snbsnrface yelocity-work was being done (Ch. X, 2), in which case the mle was 
to nse Snrface-Floats of same pattern as those attached to the Doable-Floats. 

A small hole drilled throngh the centre of the Disc permitted of the ready attach- 
ment of a pledget of ootton wool to serve as a *' marker *% when the plain Floats 
conld not be easily seen from the bank. 

14. Hopes. — The two Cross-Sections above-mentioned (between which 
the passage of Floats was to be timed) were always defined in these Experi- 
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mentfl by two Ropbs tightly strained across the channel perpendicular to 
the current-axis. These will be termed for shortness the TJppbb Bopb 
and LowBB Bopb. The practical arrangements connected with them are 
detaOed in the next few Articles. 

[The BOPES used were of Tarions materials according to the span required— 
ISth Mile SUei, (about 200* span,)— 1^' Manilla Rope, from March to May 1878. 

„ „ „ „ — V Wire Rope, after Novr. 1878. 

Soldni Embankment 8ite$t (178' span,)— 1)* Manilla Rope. 
Soldni Aquedueu, (82' span,)— li" Manilla Rope. 

Belra, Jaoli and Kcmhera 5ilM, (spans 194', 194''5, & 170',)—)* Wire Rope. 
Dietributariei, (spans under 80',)— Grass Rope]* 

14a. Low-Lbvbl. — In order to note accurately the instant of pas- 
sage of a Float under a Bope, it is clear that the Bope should be 
etrained at the lowest possible levels t. «., as near the water-surface as pos- 
sible (without actually grazing it), and the Obserrer should always stand 
over the Rope when noting the passage of a Float under it. 

[In these Experiments the two Ropbs were accordingly always strained at the 
lowest eonveniewt leoet consistent with their not grazing the water when at Jull sup- 
pty : this is indicated on the Cross-Sections of the Experimental Sites (PL II, IV, 
V, VI, &c) bj the npper dotted line in each case. Accoracj wonld have been gained 
by lowering tiie Ropes as the water-level fell, so as at all times to be barely dear 
of the water, bat practical conyenience wonld not admit of this]. 

19- BopeSi LiFTiNa.- The low-level desirable (Arc 14a) for the Ropes in their 
working position interfered with the passage of boats, especially at high water. It 
was in eonseqnenoe necessary to have the Ropes entirely ont of the way of the navi- 
gation when not in actual use, and also to have the power of clearing thorn rapidly 
ont of the way in case of boats requiring to pass nnder them daring working 
hoars. 

[The power of qnick removal was essential, as boats coming down-stream fre- 
qnentlj came close to the Upper Rope withont being noticed, and woold certainly 
have carried the Ropes awaj nnless qnickly lifted]. 

The lifting arrangements were as follows : — 

16a- ManiUa Ropes,^Thiue Ropes were strained (by hand, no purchase being 
Qsed) across the Canid daily (care being taken to prevent them getting wet in the 
process) when required for nse, and coiled up again and packed away when the day's 
work was over. This was of course a great deal of trouble, but at the Sites at which 
they were used (Solini Embankment and SoUni Aqueduct) the erection of any 
permanent gear would have been inconvenient In case of a boat requiring to pass 
during working hours, the Ropes were simply slacked off, and raised by hand suffici- 
ently to let the boats pass under. 

15b. ^'^^ /ZajMi.- The daily coiling and removal of Wire Ropes would have 
been almost impracticable, so that a more permanent arrangement was adopted at the 
four Sites where Wire Ropes were used, {tee PL Vn, >i^. 1). 

The Wire Ropes (r r) were kept permanently stretched across the Canal : when not 
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in ue, tliey were kept lifted high ont of the way of traffic hj being attached to thin 
Manilla ropes (rTq), paasingOTer pulleys (P) at the top of *< 8tand*PostB " (P) erect- 
ed on the high banks of the Canal. When required for use, the thin Ropes (r P q) 
were slacked off nntil the Wire Bopes eame down to the water, after which the Wire 
Ropes were strained taut across the Canal to two stout '' Straining-Posts ** (8) erect- 
ed at the lower leTd («m Plate) by means of a single pnlley-bloek (P) at either end. 
ne ** spacing" between the Wire-Ropes was maintained conect by passing tha 
Wire-Ropes throngh notdies in the top of ** Gnide-Poeto " (G) erected dose to the 
bank on either side ; the distance between tiie centres of these notches being set ont 
correct. 

Witii this arrangement the Wire-Ropes (rr) could be slacked off from the ''Strain- 
ing-Posts ** (S), and lifted high np ont of the way (as shown by the dotted line r r) 
so as to let boats pass nnder in abont half a minntCi This anangement was foond 
to work well, and is as simple as conld be wished. 

|,The ^Hre-Ropes were foond to require great care in coiling and nnooiling : if in 
any way kinked, one or two strsnds sometimes broke, and the Rope itself erentaally 
broke when nnder strain : repairs of a broken Rope proved Tciy eatpensiTO and not 
Teiy satisfactory, the joints being points of weakness. But when sound new VHx^ 
Ropes were used, no difficulty occurred]. 

16. Pendants* — ^Pieces of thin white cord were tied on to each Rope at yarious 
points, and adjusted (from time to time as the water-lcTcl changed) to such a length 
as to hang freely down and just grase the water-surface at the points at which the 
Floats were required to pass. From their free hanging poHtionf these will be styled 
Pkrdants. 

The Experimental Sites bdng all of symmetrical cross-section, (tee PL II, 17, V, 
VI^ the CUBBENT-AziB (Art 1) was always defined by a pair of Psndants pUu^ 
ever the eentre o/tke Bed, one on each Rope. 

17« Pendant-fiDiOing.— The spacing chosen for the Pehdahts Taried with 
the bed- width and cross-section of each Site for reasons explained in Ch. XVn, 5. 
The actual positions of the Pendants at each Site are shown (by yertical lines) on 
the Cross-Sections of the Sites, (PL II, IV, V, YI, ftc). 

For spans of under 100', common 100' Surreying (Thains, supported at frequent in- 
terrals from strong ropes or chains (tiie Surreying Chains not being strong enough 
to bear their own weight), afford the readiest means of spacing out the Pendants 
in nfic But for larger spans the weight of the Chains canaes the supporting ropes 
to sag so much as to be yery incouTenient. For such Spans, light Manilla or Wire 
Ropes, with the whole train of Pendants permanently attached, seem to be tiie 
most couTenient. 

To set out the Pendants so as to be always in their proper positions when the 
Ropes are strained taut in their working positions (in spite of the stretching of tiie 
Ropes) is not an easy matter in a large span. The arrangemente actually adopted 
were witii slight modiflcations— >not affecting the principle— as follows. 

17a. Sfirveying (7Aatiu.— The arrangement for these was the simplest The 
Pendants were always fixed on to the Chains at the conect distances (on the CShain) 
ft'om the ** eentre mark" of tiie Chain. The Chains were slung from their sup- 
porting ropes by wire rings at erery 10", by which they could be slipped along the 
supporting ropes nntil the '* centre mark" of the chain was vertiaJly over tiie 
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MDiM off dM bed The distamon m, the chiln from the "oentte nuttk'' to tiro 
pointi (which will be called for Bh<Mla6fli <*Chaiii>markB") TcrticBllj orer two 
■mike of » permanent natme on either bei&k (the " Shoie^marks ">*-when the 
diaitts weie pnlled ti|^*weie; then aoted for fatore a^astment ai the tnun of 
Ftadante. 

17b. J^anilU Ropeif^Tln Ropea when first pntchafled weie etiained to aome 
days np to their intended working atrain, so as to take the slack ont of them. Thej 
were then strstehed across the Canal and strained taat in their working potUkmi* 
Three '^Blarks" were then made on eadi Bope, two vertieally OTcr a pair of 
^ Marks" of a permanent natore on either bank, and one yerticallj OFor the centre 
of the bed. 

[These *< Marka " wUl, for shortness, be called the << Bope-Marks/', <* Sioie-Marka ", 
and <*Oentre-Mark^ respectiveljl. 

The Pendant-spaces were sometimes marioed ont npon the Bopes on shore : th^ 
were prepared to marking oat b j stndning them along anj conTcnient lerel place 
on shore nntil the Bope-lCarks came flush with two special Marks previonslj set oat 
at % distance apart equal to the real distance between the two Shore-Marks abore. 
Sometimes thej wsre marked ont npon the Bopes from a boat whilst the Bopes were 
in their *< working position " (across the water) as aboFS. Thus the Bopes were al- 
ways marked when ia their wgriing strain. 

The Pe&dant-spwes wen carefally set ont from the «< Oentre-Mark " with a 10' 
Bod : and the PBMDAirrB themselTes were let in between the strands of the Bopes 
it the places marked. 

The spacing of the ** Bope-Marks", and the Pendant-spacings were occasionally 
re-examined. 

17o. ^^ i2(?p0».— These Bopes not befaig liable to so mach ezpanrion or contrao> 
tion when in nae, a simpler process was adopted. The Bopes were laid out along the 
gronnd, and placed nnder strain in the Workshops when parcfaased : leaden marks 
were oast on them, one at the centre, and the rsst at the points where the Pendants 
were to be fastened when in nse, the distances being carefally laid ont on the ground. 
When taken into niie, they were stretched across the Canal and strained tant tn th&ir 
working poiiHon with tiie " centre mark " over the centre of the bed. Two " Marks ** 
were then made on each Bope rertlcally over two ** Marks " of a permanent nature 
on eiflier bank ; the real distance between which was foand by theodolite triangnlar 
Hon or otherwise. 

[These <* Marks" will be called the ^ Bope-Marks " and <* Shore-Maiks " as before]. 

In some cases the space between the two onter leaden marks fixed in the Workshops 
was found to agree with this distance : in this case the Pendaitts were tied on at 
the leaden marks (as originally intended). But in several cases the space between 
the twe oater leaden marks did not agree (by several inches) with the distance in 
question (perhaps in consequence of the sag of the Bopes when la situ): in these 
cases the Pendants were tied on at the correct spacings— as nearly as was pos- 
sible—in situ, the leaden marks being tiien used only n approximations to the 
spacings. 

18. SopeBy AixrUBTXBNT.— From the explanations in Art 15, it will be seen that 
each BoPB witii its train of Pendants complete had to be adjusted to its correct posi- 
tion every time the Bope was lifted, (i.^., once at the beginning of each day's work, 
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and alBo emy time the Rope was lifted to let boats pasB). The anangaiiient just 
explained (Art. 17a, b, c) enabled this to be readily done. The Ropes when placed 
in their working position were strained until the ** Rope-marks " or " Chain-marks " 
aboTe-mentioned were bronght rerticall j over the corresponding permanent ** Shore- 
maik8'\ The centre Pendants were thus brought Tertioallj o^er the centre of the 
bed, and—by the mode of setting oat-~the whde train of Pendants was thos brought 
nearly into their correct positions. 

[It is not pretended that the spacing thus attained was really aocnrate i bat it was 
probably as accurate as was practically attainable. The Manilla Ropes for instance 
occasioDally got wet in the process of stretching across the Canal, and contracted con- 
siderably for a time, so that it was then impossible to bring the Rope-marks Ter* 
tically over the permanent Shore-marks (without unduly straining the Ropes). 
The whole train of Pendants was thus carried a little inwards towards the centre 
nntil the Rope expanded in drying. Allowance was made for this by temporarily 
looping up the Pendants on to the Ropes, so as to hang actually at the correct spac- 
ing (ascertained of course by re-setting out temporarily with a 10' Rod). But it 
will be seen (Art 21) that strict accura<7 in the Pendant-spacing is not absolutely 
essential]. 

The above process for acfjustment of the Ropes with their trains of Pendants com- 
plete was simple and effectaal t it takes, howeyer, so long (about 15 to 80 minutes) in 
actnal exeention, that the necessity of raising tiie Ropes for the passage of a boat 
piored to be a serious inconyenience in actual work. 

[The process of straining the Ropes so as to bring the Rope-marks vertically 
over the permanent Shore-marks cm bath banks needs of course a little care and 
time ; the yibration caused in the ROPBS by the act of straining nsnally jerked the- 
FufDAirrs violently about, and left many of them twisted over the Ropsa This 
could only be rectified by sending a man out in a boat along the whole length of 
each RoPB to set each Pendant right Hence arose considerable delay every time 
the Ropes were lifted. Delays of this sort, of half an hour at a time, are of course 
extremely annoying under a hot sun]. 

Praetteal Ilemark8,'—¥oT Spans under 100', the use of the Surveying Chains 
proved the most convenient For large Spans the Wire Ropes were decidedly the 
most convenient, being unaffected by accidental wetting, and yielding only slightly 
under the stress employed in stretching them. The considerable contraction of the 
Ma nilla Ropcs after accidental wetting, and subsequent expansion on drying, and 
(to a lesser extent) their yielding under the stress employed in stretehing them, are 
very inconvenient in practice. 

19. noat-path, Ploat-Oonrse.— The actual ^sih of a Float in the 
water will be styled the Float-Path, The intejided " (Tonrse " of a Float 
between the Upper and Lower Rope will be styled for shortness the 
Float-Coubsb. Each Float-Course was defined by a pair of Pbr- 
DASTs, one on each Ropb, at eqaal distances from the Gubbbnt-azis : 
thns each Float-Coubsb was (when the Ropes were in position) set ont 
parallel to the Cnrrent-axis. 

SO. VerticaL — Float-velocities will be accepted (Art. 8) as velocities 
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at the middle point of the Float-Coone m abore defined. Oonoeiref a 
rertical line dropped through that middle point. SubsurfAce Float- 
Velocities will be accepted as velocities measored at different points of 
this vertieal line, which may thns be considered as the Vbbtical ov Ez«* 
piBiMBirr, and will be often briefly named simply the Vbbtical. 

21. Deviation, Faib Coubsb. — From the Unsteady Motion of the 
water (Art. 7b, c)| the actual path of a Float is seldom strictly paral* 
lei to the Cnrrent^axis ; but, as explained in Art. 7b, the value of 
the Floaosvblooitt obtained is not affected by the inclination of the 
actual Float-path to the proper Float-Coubsb ; hence the important 
property — 

^ A certain amount of Dbviatioh from the proper Float-Ooubsb Is admis- 
sible". — .-...(18), 

provided of course that the '* Deviation" be not so great as to carry the 

Float into stream-lines of sensibly different velocity. 

Now all observation agrees in showing that the Telocity-variation in 

different stream-lines at the same level is very small near the centre, and 

decreases slowly from the centre towards the banks, near to which it is 

rapid : from this it follows that—* 

<* The admisHble Dbviation from the Float-Comve is greatest near the centre, 
decreases sbwly towards the banks, and decreases rapidly for stream-lines Teiy 
near the banks ", ^ , (U> 

Floats— *whose Dbviatioh from the proper Float-Goubsb does not 
exceed the '' admissible deviation '^ — ^will be said to be in " fair course *', 
and the Float-velocities resulting will be considered as practically equi- 
valent to velocity-measurements past one and the same vertieal^ ot at one 
and the same point. 

[The maadmnm Dbviatioh admitted in the present Experiments was—* 

In streams 150* wide and apwards— 2' near centre, gradually reduced to 4''oTer 
dde-slopes. 

In streams 70' wide and npwards— 1' near centre, gradmdly reduced to T close to 
edge. 

in streams less than 25' wide — GT near centre, gradaally reduced to 2* near banks. 

Great attention was paid to the smallness of the Dbviatioh admissible in Float- 

Conrses yery near the edge, «.^., in the Float-Conrses close to (only 71' from) 

the vertical wall of the 8ol&ni Aqnednct) where the Telodty-TariAtlon is most 

rapid]. 

For reasons similar to those jnst given, it will be seen also that— 

<* Strict aocnracy in the position of the Pbndakts defining the Float-Conrses 
is not essential", • ^ <...< ^ (16> 



ART. 22—23. 57 

8S. Rn]l.-^Thd space between the two cross-seetions in qneBtion, 
or between the Upper and Lower Ropes, being the space through which 
the passage (or mn) of the Floats was to be timed, will be called for 
shortness the Rinr. The question of proper length of Rum will be dis- 
cussed in Art. 27. 

28. Dead Bon.— It is necessary (Art 7a) that the Floats should 
have attained a state of relative equilibrium with the surrounding fluid 
before entering the Rxtn within which the time of passage is to be noted. 
The Floats must, therefore, be cast into the water considerably aboTO 
the Upper Rope. The space above the Upper Rope necessary for 
the Floats to acquire this state will be called for shortness the Dsad 
Run. 

It is desirable to keep this space (the Dead Run) as small as possible 
consistently with the aboye essential condition ; as the longer this space 
is, the greater is the chance of large Deyiation of the Floats from the 
proper Pbndant at the Upper Rope, and the greater the waste of time 
in waiting for Floats which are in fair course. 

Now all observation shows that— 

** The tendency to Deviation is least near &e centre, increases slowly towards 
tibe banks, and is greatest dose to the banks ", (16). 

" The tendency to Deyiation (near the banks) is mneh greater with Sarface-FIoats 
than witb any kind of Sabsarf ace-Floats", (17). 

" Subsnrface-Floats take time to attain their state of relative eqnllibrinm in- 
creasing with the required depth of sabmergence ", (18). 

It follows that — 

"To avoid nndne waste of time, the Dead Bun mnst be reduced to a minimum 

near the banks, especially in the case of Sorface-Floats ", (19). 

** Sabsnrface-Floats require increased length of Dead Run as the depth of sub- 
mergence increases ", (20). 

[The actual length of Dead Run employed in the present Experiments was — 
For most work not very close to the banks, in wide channels, 100'. 

„ „ „ „ „ in narrow channels, (under SO' wide,) 60'. 

For Double-Floats of T depth of immersion and upwards, 100* to IfiO*. 
For Surface-Floats within a few inches of the bank, 5' to 20'. 
For Double-Floats „ „ „ 20' to 100*. 

For Loaded Rods „ „ „ 50' to 100*. 

In short, the RiTLBwas to' use the length of IOC in all ordinary cotes: the 
shorter lengths being used only in narrow channels, or in wide channels only over 
the side-slopes of the banks, or very close to the banks, so as to avoid undue waste of 
time, $ee (19) above ; and these shorter lengths were always regularly increased — in 

I 
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work with Sabsurface-Floats— as the depth of immersion increased to the utmoit 
Ungth compatible with avoiding andae waste of time. 

24. Boats.*— Two small Boats (of from lb' to 20^ length) or Pontoon- 
Bafts (Blanshard's Light Infantry pattern) were in constant use at the 
principal Sites (exceeding 25' in width), one above the Upper Rope 
for << casting" the Floats from, and one below the Lower Rope for 
'* catching " the Floats after passing through the Run. These will be 
styled for shortness the Upper Boat and Lower Boat. Each Boat was 
handled and kept in position by a pair of '' tow ropes " (usually of thin 
Manilla cord) held by men on either bank. 

24a. Upper Boat. — This Boat (from which the Floats were "cast" into the 
water) was placed just above the space above described as the Dead Run, and was 
aligned on the pair of Pendants defining the Float-Conrse, as occasion required. 
The alignment was corrected by actual trial with a few surface-floats nntil a position 
was found from which the Floats could be *' cast " so as to enter the Run close to the 
proper Pendant at the Upper Rope. In this way some allowance was made for a 
side-wind. 

[The use of a Boat for <' casting" the Floats into the water is a necessary 
evil in a wide channel : the " wash " of the Boat disturbs the water for some 
distance behind it, and greatly increases the irregularity of motion of Surface-Floats 
and of Subsurface-Floats only slightly submerged, thus rendering necessary a much 
greater length of Dead Run than would otherwise be necessary in their case. The 
Rudder was always removed from the Upper Boat so as to reduce the disturbing ac- 
tion of the Boat on the water as much as possible. For work very close to the Banks, 
the Floats were cast from the banks themselves, and the Boat sent some distance o£E 
to get rid of its " wash "]. 

24b. LOWBB Boat.— This Boat (from which the Floats were <' caught" after 
passing through the Run) was placed a little below the Lower Rope. Its effective 
nse^to enable the Floats to be readily " caught " from it — requires it to be both pretty 
steady in the water (so as not be easily npset by a man's stooping over the edge to 
catch the passing Floats), and also handy enough to admit of being rapidly shifted 
from side to side by the two tow ropes, so as to bring it within easy reach of the ever- 
varying positions of the Floats as they passed ont of the Run. 

[Any failure to catch a passing Float was always attended with much waste of 
time, as the Boat had to be sent down-stream to catch it up]* 

2S. Subordinate Staff. — The nnmber of men required for the heavy 

work for one Field-party depends a good deal on the difiSculty of hand* 

ling the Boats or Pontoon Rafts effectively in a wide channel with a 

swift stream. 

In a moderate stream with a light boat, one man is enough /or each tow rope : but 
in a very wide or swift stream two men are sometimes required for each tow rope. 
The distribution of the party was as follows :^ 



ART. 25— 26a. 



59 



Staff. 



Dtjtt, 



I 







Subordinate 
Staff, 



Casting Floats (from Upper Boat), 
Passing Floats (from Upper to Lower Boat), 
Catching Floats (in Lower Boat), 
Handling Upper Boat (two tow ropes). 
Handling Lower Boat (two tow ropes), 
Storekeeper, ••, 



••• 



••I 



••• 

••• 

••• 

••• 



Total, 



1 
1 
2 
2 
2 
1 



1 
1 
2 

4 
4 
1 



18 



Thns from 9 to 18 men were required for one Field-party. These men were ail 
natiTes on a pay of from Rnpees 6 to 4 a month. 

26. Timing. — The essential Gonditioiis of accarate timing of the 
duration of visible phenomena, such as the time of passage of a Float over 
a given space, are — 

*' The eye should be free to watch the visible phenomena (the passage of the Float 
under either Rope), whilst the timing should be done wholly by ear", (21). 

" Similar operations at beginning and end of the time should be always done by 
one and the same Observer, in order to eliminate his personal equation, (in the 
process of taking the differences of the times counted) 'V (22). 

In the present Experiments all the timing vras invariably done with 
half- seconds' chronometers vrith all the care used in astronomical observa- 
tions, by two thoroughly trained Obsbrvebs {ate Ch. II, 4) in the fol- 
lowing way : — 

26a. Mode of timing-^OnQ Observer (the ** Timekeeper ") sat with a field-book 
and chronometer in front of him midmay letwettn the two Ropes. The second Ob- 
server (who may be styled the '* Caller ") watched the Floats as thrown out from the 
upper Boat, and warned the Timekeeper of their approach near the Upper Rope ; 
and then — standing over tf— " called " just as each Float passed under it : he then 
walked (or ran, if necessary) down to the Lower Rope, and-^tanding over it — 
'* called " again just as each Float passed under it. 

The Timekeeper entered the number of chronometer-beats actually counted (from 
the beginning of his count) just as he caught each ** call " to the nearest beat (half- 
second), or half-beat (quarter-second), according to his skilL 

[It will be seen that similar operations at each Rope are throughout done by one 
and the same Obbebyeb, viz., 

1^ By the ** Caller "—Watching the passage of a Float, and giving an audi- 
ble signal of its passage ; 
2^. By the ** Timekeeper " — ^Listening for an audible signal, and recording the 
timing thereof ; 
also that the distance between the " Caller '' and " Timekeeper " was the same at each 
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" call ". As the " time of passage" of the Floats is in each case the difference of 
the nnmber of chronometer-beats counted at each call, most of the effect of ** personal 
equation " of each Observer is obyionsly eliminated by the above process]. 

26b. Timing, Precision. — All the chronometer work on these Experi- 
ments was done by " trained Observers", (Ch. II, 4). Every Observer 
on first joining was carefully trained for aboat a fortnight in the system 
of '' eye-and-ear observing " jost explained, and his trial-timings were 
repeatedly compared with those of the existing trained Staff. No new 
Observer was passed as a '^ trained Observer " until the maximum Dis- 
crepancy between the timings of many snccessive Floats done by himself 
and by one of the trained Staff was not more than one chronometer-beat 
(or half-second). 

[On some occasions fonr Timekeepers have been working together, viz., one old 
hand, and three beginners, all recording the same Floats : the nuunmwm Discrepan- 
cies of the timings were fonnd to be the same, vis., one chronometer-beat or half- 
second]* 

As the result then of repeated comparisons between the Observers' 

timings, it may be pretty confidently asserted that— 

** The maximum ordinarily possible error* of timing did not exceed one ** half • 
second", (23). 

This precision can only be obtained by use of a clock, chronometer, or 

watch which beats distinctly (loud enough to be heard, notwithstanding 

the noise of passing traffic), and not faster than can be readily counted 

by ear, t. ^., not faster than twice or thrice a second. A half-seconds* 

chronometer (such as is used at sea) suits admirably. 

With any ordinary watch this precision is impossible : watches usually tick far 
too fast to be followed by ear, and seldom loud enough to be heard through the noise 
of passing traffic It will be seen from the Table on next page that ordinaiy watchea 
have been employed in all the modem Experiments on large Rivers. This has been 
a most unfortunate circumstance for the accuracy of those Experiments, for then) 
seems to be no doubt that — 

" The maximum ordinarily possible error of timing with a common watch is 

about two seconds", •••..•••(S4), 

or four times at large ae tcith a half-eeconde* chronometer. 

This has been put beyond a doubt by the International Hhine and Connecticot 
Experiments, as quoted below. 

Bhine Commn.f pp. 35, 86.— ^ The same 25 Floats were seen and called by the 
same two Observers, while they were recorded by three different Observeis with 
three different seconds-watches." The maximum discrepancies between the tim- 
ings off the three watches were— 
2 soc., once ; 1| sec., once ; 1 sec., 7 times ; i sec., 10 times ; nil, 6 times. 

* Bzclading downright ** Mistakes ", which cannot of oonne be cstimatsd. 
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it 



Conneetievt l{eportot'7B, ^p.SlO,8ll, « • • • i^^ 

obserrers read the time. • » • » ^^^ ^j ^^^^ .^^ 

tenrals of time recorded by the two obflervers agreed ; bat often the time would 
differ bj one second, and sometimes by two." 



BXPKUMBSrTS. 



Datb. 



P)age 

of 

orlginaL 



TIMSKESPBB. 



LINOTH 
OF BUK. 



CB09S-8BCTIOK8. 



[17'Otoal], .. 

Lowell, 

Baadn Ezpts., • . 

BhineOommn., 

LakeKiyers, •« 
[1888 Report], 

Iirawaddi, • • 
[J87«Beport], 

Connecticnt, •• 
[1S78 Beport], 



Roorkee^ 



• t 



'61.'68 
'59 
'66 

'66-'60 

'67 

'67.'69 

• 

72-»78 



'74 



74-'79 



226 

262 

146,148 
PI. XI. 

146 

16,87 

961,962 

16 



Watch, 
[largo BOO. hand], 

Chronometer, • . 

Chronometer & 
Telegraph, . . 

? 

Seconds' Watoh, 

Chronometer, • • 



20(y 

61' 

140', 110', 
& 100', 

40 to 60 

800', 

700', & lur, 



806,810 
&811 



I 



Seconds' Watch, 



Chronometer, •• 



i 



jKHy, 



200', & 

100* (1 0MB) 



I 26',&12'i, 
( [near tMnls], 



2 at 200*. 

2 at 61'. 

? 

? 
? 
2 

2 at 200*. 
I 7 at 60'. 
V 8 at 26'. 



26o. PsBSONJO. EQUATtOH.— Although the effect of ** personal equation " is oo 
casionallj traceable in these Experiments, still the ** Differential Method " of timing 
adopted (Art. 26a) is such as to reduce its effect to a yerj small quantity even in anj 
single Telocity-measurement The mode of eombination of Sbts of Field-work into 
Sebiss (Ch. VI, 14) is such as to eliminate still further its effect from the Atbraob 
Velocities which alone are used in most of the Discussions in this Work. It has, 
therefore, not been thought necessary to endeavor to exhibit its effect in the Detailed 
Tables (Vol. II) now published in face of the numerous more efficient causes of modi- 
fication of Telocity at work (Ch. 1, 18). The means of tracing its effect are, howcTcr, 
giTen — in case it should be wished to do so— by giTing always the Initial of the 
Timekeeper in each separate Sbt of Field-work, (see Detailed Tables, Vol. II). 

[In the 1874-76 Report the attempt was made, see any of the Tables of that Report 
But further experience shows that the utility of the additional columna required in 
each Table is doubtful]. 

27. Length of " Bun ".—It is clear that the longer the Buk, (or dis- 
tance between the Ropes,) the less the deduced velocities will be affected 
by small errors in timing; so that cceieHs paribus the Run should be 
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as long as is compatible with the equally important condition that the 
Floats ran in tolerably " fair conrse ". 

It was soon foand in the present Experiments that Floats seldom 
run for any distance sensibly parallel to the cnrrent-axis, but deyiate 
gradually to one side, so that the deviation from '' fair conrse " is greater 
with longer Runs; and greater accuracy of " Coarse" is attainable with 
short Runs than with long ones. A compromise is, therefore, necessary ; 
which while permitting sufiScient accuracy of '' Course " shall not unduly 
enhance the effect of small errors of timing. And herein it is clear 
that— 

'< Increased pieciBion of timing admits of decreased length of Rttk^ and, there- 
fore, of increased aocnracj of Coubsb," ^ ««••••. (25). 

[The lengths of Bun adopted, and the timekeeper used in all the great modem 
Experiments with Floats, are shown in the Table on p. 61. It will be seen that 
a length of not less than 200* was adopted in the Experiments on large RiverB : and 
the International Rhine Conunission consider (Rhine Comnm., p. 87) that— 

<< To yield tmstworthj Results on great Riyera, the longest possible Moat-patii 
(of not less than 300' s 90 metres), and the greatest possible number of Floats 
at one and the same point are essentially necessary ". 

It will be seen, however, that in all these Experiments on large Rivers, ttimpte 
Btoond9'Watche$ were used, thus entailing large errors in timing, (say about 2 
seconds). Now the use of half -seconds chronometers, involving only one half -second 
as the (maximum) time-error would have permitted the use of a length of Run of a 
quarter of above, or say 50' (= jf x 200*) with equal accuracy of timing^ voAgrtatlg 
increased accuracy qf "Course " of the Float& 

It will be seen (same Table) that a Run of only 51' was used in the Mississippi Ex- 
periments along with a chronometer. Also, in the Lowell Experiments (Art 185) 
the opinion is given — 

" The length may be very short, if suitable arrangements are made for observing 
the transits, and in rivers of ordinary velocity, a length of 20' or 30* would generally 
be sufficient."! 

27a. Zo^ ^^ waste time. — ^The question of the proper length of Run has a 
further most important practical bearing on Experiment, in that the time occupied 
in obtaining a given number of good observations increases much faster than the 
length of Run itself. ' It is obvious that the time of passage &rongh the Run 
increases simply as the length of Run, and that, therefore, the time occupied in obtain- 
ing a given number of good observations would also increase simply as the length of 
Bun, provided that all the Floats moved in equally " fair course" over both short 
and long Runs alike : but it was found in these Experiments that the percentage of 
Floats which fail to run in ** fair course ", (and are, therefore, unfit to record) is much 
greater with long Runs than with short Runs, so that to obtain a given number of 
good observadons of Floats all in *< fair course " takes up far more time with long 
Runs than with short Runs ; whence it follows that— 

** The use of an unnecessarily long Run leads to great waste of time ", .... (26). 
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It will be proTod (in Ch. VI, 5) that in consequence of the Unsteady Motion of 
the water, all yeloeity-measnrements must be many times repeated to be of any prac- 
tical nse. The qaestion of the waste of time attendant on the nse of nnnecessarily 
long Rnns acquires, therefore, very great practical importance. It foUovvs then 
that— 

** The Run shonld be the shortest compatible with accoracj in timing/'.... (27). 

27b. Advantage of short Buna. — The adrantages claimed for short 

Rods are then— 

l**, Great saving of time ; 2**, Increased accnracy of Course. 

28. Length of Bnn, Experiments. — To test the question as to the 
Length of Ran necessary, the following Experiments were devised, and 
executed at Belra, (for description of Site, see Gh. Ill, 14, & PI. IV). 
Fonr Bopes were laid ont as shown in PI, VII, 8~ 
1 at 50*, and 1 at 25' above the middle cross-section of the Site, 
1 at 25', and 1 at 50' below „ „ » >» » 

80 that the spaces between the Bopes were — 

25' between Nos. 1 and 2, 50^ between Nos. 2 and 8, 
25' between Nos. 3 and 4, and 100' between Nos. 1 and 4. 
These distances were very carefully laid out with new lO' levelling Staves, along 
the top of the masonry wall on both banks ; the ground was favourable for this being 
well done on both banks. Two Series of Experiments were tried, one with Surface- 
Floats in the centre line, one with Loaded Tube-Rods at different parts of the cross- 
section. Every Float passing in ** fair course " was timed as it passed under each one 
of the four Ropes, in the manner described in Art 26a. 

It is clear diat the timing of every ** Float " could thus be determined over four 
different '* Runs ", viz., 

Upper 25', Middle 50', Lower 25', and Full 100'. 

[The Belra Site was not a very favorable Site for the purpose, being a compara- 
tively short artificial channel (only 250' long, see Ch. m, 14) in midst of an ordi- 
nary earthen channel, and only 743' below a Bridge, so that some difference might 
naturally be expected between velocities at different parts of its length. Thus the 
two 25' Runs not being symmetrical about the centre cross-section of the Site might 
be expected to give somewhat discordant Results]. 

28a. Experiment i, (with 1" Tube-Rods, Tab. LXXI).— A set of three of the 
Bods was timed past each of the 15 Pendants of the Belra Site in the way described 
in Ch. XVn, 7 as in regular use for Mean Velocity-Curve work : the velocities 
derived from the means of the three timings of every Rod in ** fair course " are given 
in Tab. LXXI, q. v., 

For the 2 Margin-Pendants (marked m) over the two 25' and the 50' Bnns, 
For the 13 Bed-Pendants (for 90' on either side of centre) over all the Buns. 

The close agreement of the velocities deduced from the 50' and 100' Buns is quite 
renuurkable, whilst there is considerable discordance between those deduced from 
the two 25' Buns. 

gBb. F'XPBRIMENT ii, (with Surface-Floats at mid-channel, Tab.. LXXn).~A 
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luge nnmber of Snrface*Float8 were mn in rapid saocession along the mid-duuinel 
line. Every Flott passing in " fair coarse " was timed as it passed nnder each one 
of the four Hopes aboye-mentioned, nntil a total of 48 Floats— all in ^ fair coarse "-^ 
had been observed. The Timings of each Float over the foar different Rons are 
given in Tab. LXXII in qaarter-seconds for the 25' Bans, in half-seconds for the 
middle 50* Ban, and in seconds for the 100* Ran, so as to admit of easy comparison 
of th^ figures. 
The Discrepancies (in the '* timings ") are shown in the last two lines. 

Last line hut one. Discrepancy through two 25' Rans in qaarter-seconds. 
Last line. Discrepancy th^agh 50' Raa, and half of 100^ Han (in half -seconds). 
It will be seen that-— 

*<The Discrepancies between the 50' and half 100' Han amoant to or exceed 
1 half-second in 9 cases ; and between the two 25' Rons amoant to or exceed 
4 qaarter-seconds in 7 cases," 
that is, are mach larger between the short (25') Rans, than between the long (50' and 
1000 Rans. 

These differences between indimdual results may seem large ; bat they are by no 
means to be ascribed tolefy or even principally to the errors of timing through the 
different Huns, bat for the most part to the variability of the motion itself (as will 
be fully explained in (%. VI, 4). In fact the discrepancies disappear almost entirely 
in taking the mean of the 48 Besnlts, as shown below. 
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Upper 
16' 


Lower 


Middle 
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lOiK 
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25' Rnnfb 


W Ron uid 
half lOU' Rnn. 


Mean of timings 
of 48 Floats, ... 


Qnar. Sec. 


Qnar. Sec. 


Half-Sec. 


Half -Sec. 


Qner. Sec. 


HalfSec. 


28-40 


2916 


28-44 


28-61 


•76 


•17 


Average Velocity, 


8*52 


8*43 


3-52 


8-50 


•09 


•02 



29. Standard 60^ Bun.— Taking the Results of both Experiments to- 
gether, it appears that — 

" With proper accuracy of timing, the 50' and 100' Rnns give in general closely 
accordant Results ; whilst the 25' Rnns give Bcsalts differing often greatly in detail, 
thongh also closely accordant with those of the longer Rons ^hen the means of 
many trials are compared", (28). 

The choice of a standard length seems to lie between the 50' and 100' 

Lengths. The advantage (in saying of time, Art. 27a) of the Short 

Bun leads then to the conclusion that — 

** With proper accuracy of timing a 50' Bun is to be preferred ", « (29). 

[It was found indeed in these Experiments that a Run of about 50' is the maxi- 
mum compatible with obtaining any considerablo number of Floats in *' fair coarse '* 
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within ft reasonable time in anj part of the channel, and that this length must be 
shortened to aToid undue waste of time) for Float-Courses near the banks where the 
tendency to deviation from ''fair course" is much greater, and where — ^from the 
rapid change of velocity in stream-lines at different distances from the bank — any 
SQch deviation is of great importance. 

The following lengths of Bun were in consequence finally adopted as the Stanb- 
ABO Runs throaghout these Experiments : — 

For general use, 50' 

Near the banks, i.6., within about 24^ of vertical or over sloping banks, 25' 

For cases of exceptional difficulty, 25' 

Very near the banks, (i.^., within 9' of vertical masonry banks), ... 124' 
But it must be observed that the shorter (25' and 12}') Runs were never used, 
unless the use of the 50'RUK was found to lead to unreasonable waste of time 
in endeavoring to obtain a sofficient number of observations of Floats in ''fair 



course ". 



A good deal depends on the sort of Float in use : thus Surface-Floats are the 
most irregular in their course, especially if there is any wind ; Double-Floats are 
more regular, and Loaded Rods still more regular in their course. Hence to avoid 
unreasonable waste of time, it is more necessary to shorten the Run of Surface-Floats 
than of other kinds. Thus the 12)' Run was used only for Surface-Floats, (and these 
only very near the banks,) and the 50' Run was almost invariably used for the 
Rods]. 

80. Laying out Bun. — In nsing such short Bnns as 50^, 25', and 
12^', accnracj in laying out the length in question is of course essential. 

[At all the large Sites, the banks were very favorable for accurate laying out At 
all these Sites the 50' space was laid out with a pair of good 10' Offset-Staves or 10' 
Levelling-Staves on loth banks; the spacing was occasionally re-tested ; only trifling 
differences such as '01 of a foot were detected. 

At the Sites in the small Distributaries, which were not favorable for laying out 
with 10' Staves, a new 100' surveying chain, which had been recently compared with 
standard Rods at the Government Workshops, was used for marking out both the 
50' and 25' spaces on both hanks : great care was used to shake out all kinks in the 
chain before finally marking out the space. 

The shorter spaces of 25' and 12 J' — being required only close to the banks — were 
usually laid out in the same way on one bank only, whenever required : the space 
was defined over the water at one end by one of the Ropes of the standard 50' Run, 
and at the other end by laying a staff so as to overhang the water]. 

81. Oooi TloatSyEuNNiMo fbeb, Fair Course. — For shortness' sake 

the following terms will be used : — 

RuNNixa FREE. A FLOAT will be said to be running free after it has attained 
the state of relative equilibrium with the surrounding flaid, so long as that state is 
not disturbed by any extraneous cause. 

Fair course. A Float whose maximum Deviation from the Float-Coursb 
defined by the Pendants on the Upper and Lower Ropes does not exceed the 
" admissible deviation ", (Art. 21,) will be said to be in ** fair course ". 

K 
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QooD Floats. A Float which was " nmning free " before its entry into the 
Run, and which was both in ** fair coarse " and also ** nmning free " thronghont its 
passage through the Run will be called a Good Float. 

[A Float that has been " mnning free " at one time is liable to be distnrbed — so as 
to be no longer " ranning free" — ^by any of the following canses : — 

1^ touching the Upper Rope or the Lower Rope, or one of the Pendants. 
2^y toaching the banks. 
8", toaching the bed. 
Any one of these accidents mast be held to distarb its previous state of running free]. 

It was a fundamental Rule in these Experiments that— 
•*No Float which is not a "Good Float" according to the definition above— 

is to be recorded," (30). 

[Accordingly no Float would be ** called " at the Upper Rope unless likely to prove 
a Good Float : and a Float which had been " called " at the Upper Rope, would 
still be rejected unless after leaving the Run it was decided to be a Good Float as 
above. The "Caller" would usually indicate to the ••Timekeeper" that a Float 
whose times at either Rope were already entered in the Field-Book had turned out bad 
by simply calling out the word " Bad ", whereon all entries with that Float would be 
immediately crated"], 

3 la. Criteria of Good Floals.^lt will be seen that the sole criteria 

» 

of a Float's being a Good Float, (or in other words being worth record- 
ing^) are that it should be " running free " and also in ^< fair course " 
throughout the Run, without reference to the agreement or disagreement 
of the time of passage through the Rum with the times of passage of 
other Floats in the same Float Coarse. 

[Great stress is laid on this point : the practice of many Canal Officers in India 
in their ordinaiy Discharge-measurements is to select out of many recorded observa- 
tions only those of Floats whose times of passage through the Run were nearly 
alike. The author believes this system of selection to be wron§ in principle, all 
observations made with equal care being entitled to equal confidence. It will be ex- 
plained in Ch. VI, 4, that the Unsteady Motion of the water necessarily causes great 
inequality in the times of passage of successive Floats through the Run on the 
same Float-Course : and that it is a prime object to record all these times, however 
unequal, in order to obtain finally a good Average value of the times of passage]. 

82. Bad Observations omitted. — The principle adopted throughout 

these Experiments (with respect to velocity-work) was to decide in the 

Field what Observations were " good " and worth record, and to record 

only these permanently in the Field-Book, rejecting and erasing on 

the spot all Observations considered faulty or doubtful. The Result of 

this system was that the permanent Field-Book entries were all entries of 

good ob8ervation8'^{aM bad ones having been rejected in the field). 

fXhe Field-Book was kept by the <' Timekeeper". All entries in the Field were 
made in pencil: the ** Timekeeper " was always provided with a piece of *ink- 
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eraser *\ with which he erased on the 9poi any entry which from any cause appearad 
faulty or doabtfal]. 

It was an inyariable rale that all Field-Book entries (hATiOg been 
decided to be <'good" in the Field) mnst be accepted as '*good'*, even 
though apparently nnusual or even discordant, unless some obvious "Mis- 
take" could be detected. As far as velocity-obserrations are concerned, 
the system adopted enabled all obvious mistakes to be detected in the 
Field, so that all velocity-obseryations passed in the Field as " good '* 
were necessarily accepted afterwards. 

88. Field*B00k.— -A Bpedmen Field-Book page^ is shown io Abstract Tab. 83« 
The *' headings " require no explanation. 

The " velodty-measnrementB" at each point were nsnally repeated three times for 
reasons explained in Ch. VI, 8, and the mean (of the timings) taken. The Field- 
Book is ruled into *< bands ", each to contain the complete data of three sncceBsiye 
velocityomeasnrements at any one point, (or of any one Float-Coarse.) 

In tiie left column would be entered tiie '*GOK>rdinate" (i>., horitotital distance 
from centre, or depth below smrface) of the point at which the velocity-measurements 
were to be made. 

In the column headed *^ Times " would be entered the nnmher of chronometer-beats 
actually counted (from the beginning of the count) as each Float Nob. 1, 2, 8 passed 
under the two Hopbs, vis., 

Upper Rope in snb-colunm headed ** U "; Lower Rope in snb-«olumn headed *' L *\ 

The difference of the entries in the sub-columns U and L was entered in oolonm 
headed **D"; this ** difference '' is of course the number of chronometer-beats (or half- 
seconds) elapsed during the passage of the several Floats l, 2, S through the 
Bun. 

The mean oj thete three differences was next entered in column headed " M. D." ; 
this quantity is of course the average time (in half -seconds) of passage of the three 
Floats through the Run. 

All these entries were done in the Field in penciL On arrival in office, all the 
memoranda at the head of the page, and also the left hand columns and '*mean 
differences " (M. D.) column were inked in, and the " Telocities " corresponding to 
these last wera then entered in ink also in this last column : all this work was inked 
in by the '* Timekeeper" (who had made the original entries), vsuaUy on the same 
4ag9 (or as soon after as the exigencies of Field-work permitted,) so as to prevent 
mistakes. 

The whole of the entries which admit of being checked (i.e., all except those which 
depend solely on the ''Timekeeper", tf^., the entries in the **U" and <<L" sub- 
columns, and the entries of ** Gauge-Depth " and ** Wind ") were then checked by 
the " Caller"; and the Field-Book page signed by both Observers. 

[It will be seen that each page of Field-Book admits of entry of two oomplete 
Skts of similar work^ &y., two complete Sets of Velocity-measurements on same 

* The apecimen glYsn is one complete SKT of Uean T«Iocity*work. 8om« additional expUnotions 
we glTcn in the Note on margin of Table* 
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Vertical, or on same Transyersal, with record of Gauge-reading and Wind at begin- 
ning and at end of both]. 

84. V6lOOity-r6daotiOIl.~-I^ ^^ ^ Been ( A rt 88) that the whole of the entries 
in the Field-Book connected with Telocity-work, excepting only the final deduction of 
the velocities themselves from the recorded times, were done in the Field. 

[The taking out of the ** differences " and of the ** mean differences " in the ** D " 
and '* M. D." columns is not of course strictly Field-work : but the arithmetical work 
involved is so simple, that it is eatily done in the Field by a tisained Observer during 
the actual progress of the Field-work, and without in any way interfering with the 
Field-work : and the saving of time (in OflSce) by doing this (clerical) work in the 
Field is very great]. 

The mode of reducing the ** velocity " from the " times " in a oompendions way is 

worth attention. 

Let n/, ?i,', R3', be the number of chronometer-beats counted as Floats Nob. 1, 

2, 8 passed nnder the Upper Rope, (i.^., the entries in Sub-column " U "). 

n ^i'» ^f ^i ^ ^^ number of chronometer-beats counted as Floats Nos. 1, 

2, 3 passed under the Lower Rope, (i.&, the entries in Sub-column '^ L"). 

»» "11 ^» ^3 ^ ^® number of Aa//'-«^ofic{« elapsed during the passage of Floats 

Nos. 1, 2, 8 through the Run. 
„ n = mean of times (in half-seconds) of the three Floats within the Buv. 
„ V = velocity resulting in feet per eecond. 
Thus it is clear that— 

» = *(»! + »«3 + »j) (81)» 

and that, therefore — 

41], n,, n, are the entries actually made in CoL ** D *' opposite Floats Nob. 1, 2, 8, 
and, n is the entry actually made in Ck>l. *' M. D." in the Field. 
Again, (by definition of velocity,) 

length of Run in feet , . ^. , .^ . >. , , -*' 

V = r;^ — ^ -, ; r^, bcmg the velocity %n feet per second, 

time elapsed in seconds * j ^f r 

2 X length of Run in feet 
time elapsed in half-seconds 

= = 100 X -, (when the Bun was 60*) 

II n 

= 100 X (reciprocal of «), (82). 

Thus the required velocity could be taken hy simple inspection out of a Table of 
Reciprocals, by simply multiplying the Tabular Reciprocal by 100, thus avoiding {Hi 
lahour of edlcvlation, 

[This saving of calculation is a minor advantage of use of a 50' Bun with a half 
seconds' chronometer. In the present Experiments the number of velocity-measurD* 
ments was very laiige (commonly over 100 daily), so that the saving of calculation 
was an important matter]. 

84a< Ussult obtained, — ^The Result above obtained (32) is not strictly a Float- 
telocitt as defined in Art 4, nor even the mean of the three Float-Velocitibs 
of the three Floats, for it is dear that the Float-Velocities (vi, •?„ t; J of each 
Float are— 
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the mean of which is, f;=100xi( — + — + — )» (^» 

X m « 

which is not the same as the Resnlt (32) above. 

The Resnlt obtained (32), and nsed throaghont theseExperiments may be defined as^ 
« The Float-Vblocity of an ideal Float trarersing the Run in the ayerage 

time of passage of the three real Floats ", (34). 

It may be questionable which Resnlt (32) or (33) is the proper one to use. Cnstom 
of other Experimenters has sanctioned the former (32). In the present Work it will 
be found that single yalnes of the quantity (32) are rarely nsed (for reasons explain- 
ed in Ch. VI, 4a) in the discussion of Results, but only means of a large number of 
such quantities. 

Now single values of (32) and (33) will be found to differ considerably in con- 
sequence of the numbers n], n„ n, being commonly very unequal ; but the Means of a 
large number of such Results will not differ iensihly, so that as far as the Discussion 
of Results in these Experiments is concerned, the use of formula (82) in preference 
to (83) does not in general sensibly affect the Results. 

35. Speed of work. — The rapidity of yelocity-work with Floats is 
limited chiefly by the considerable percentage of Floats cast from the Up- 
per Boat which eventaally torn oat not to be '' Good Floats " according 
to the definition g^ven in Art. 81, which causes mnch unavoidable waste of 
time, and by the time occupied in exchanging the Floats from the Lower 
Boat to the Upper Boat when the whole available stock have been cast 
from the Upper Boat. It is also limited partly by the time actually 
taken by each Float in passing through the Run, and also partly (in 
case of Subsurface Floats) by the difficulty of Ufting them out of the 
water. 

Much time can be saved by the whole of the Staff being trained to 
work together, and by attention to small details. 

One principal means of saving time is by casting several Floats from the Up- 
per Boat in such a way as to reach the Upper Rope in rapid succession (at about two 
or three second intervals) upon the same Float-Course. The chance of some one of 
the lot turning out to be " Grood Floats " is considerable, and there is some chance of 
several turning out to be ^ Qood Floats ". 

Should several (say three) appear to be *' Gk)od Floats" at the Upper Rope, they 
would all three be ** called" in succession at the Upper Rope ; and the entries iti', 
4i«', 113', would be made at once in snb-column <* U " of the Held-Book. The ** Caller " 
would then mn quickly down to the Lower Rope (so as to arrive there before the 
leading Float), and would then " call " again at the Lower Rope for each Float 
which had been continuously '* running free ** and in ** fair course " throughout the 
Rxm (i. «., the ** Gtood Floats ") ; upon which the entries Wi", n', n^ would be made in 
8ab-colamn *< L ", supposing that all three were *' (3ood Floats ". But supposing any 
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of tiiem (say Na 2} to be in any way not a " Qood Fbat ", the ** Caller " would in- 
dicate this by simply calling out ** No. 2, Bad ", and the Timekeeper " wonld at once 
erase the entry or entries already made for that Float 

A great deal of time is saved in the long run by adoptir^ the above simple pio- 
cednre. 

[This prooedore is applicable only to snch Floats (e^,, Surface-Floats and loaded 
Bods) as can be easily ** caoght " at the Lower Boat]. 

86. Crossing of ^toa^«.— Snch rapid work as above described requires mnch prac- 
tice of the whole Staff, bnt especially on the part of the '* Timekeeper ". If the sao- 
oession of Floats is very rapid, a difficulty often arises from the Unsteady Motion 
of the water (Ch. VI, 8d) causing a group of Floats which pass under the Upper 
Rope in the order (say) A, B^ C, to pass under the Lower Bope in some other order 
as B, A, C ; or C, A, B, &c. 

With trained Observers this should seldom cause any confusion, as the *' Caller " 
should indicate to the " Timekeeper " the order of arrival at the Lower Bope : so 
that in whatever order they arrive at the Lower Bope. the '' Timekeeper " may always 
enter the counts »{', its'*, nf (Art 83) opposite the proper Float, viz^ 

n^ opposite A, nf opposite B, n," opposite C. 

Should the succession of Floats be very rapid at the Lower Bope, there is of 
course some risk of making the entries in the wrong order : but this is of little real 
importance, for it may be shown that the Float-yblocity (deduced as the average 
of the timings) is 110^ affioUd thereby. 

For the ** average timing " (n) of the three Floats (1, 2, 8) is given by 

^ i { « - »iO + Oh" - ««') + « - O h (W), 

-* { W + < + o - (V + V + o }, (8«)» 

ind it is obvious from tbe/^fm 0/ the U§t ezpreisioii that the value of the final 
result (n) is not affected by the accident of writing down any of the entries M|*, «i% 
ft,* in the wrong order in the Sub-column " L " ; although the detailed results ni, mj, n^ 
mil separately be incorrect. 

[It is obvious that this Result applies equally to the case of any number (iMy m) 
of Floats, provided the velocity be deduced in the same way, viE.| from the mmti of 
the Uminffs, for it is clear that in this case 

which proves the statement]* 

87. Preciiion of vetoei^f^work.-^hL the present Ezperimento the highest velocity 
ever observed was 7'«I per second, and a velocity of 6' per second was an unusually 
high velocity. This last corresponds to a timing of 10 seconds in the standard 
5<K Bun* Admitting that one half-second was the maximum ordinarily possible time- 
error (Art. 26b) this would amount to ^ of the whole time : from which it follows 
that— 

** Single Telocity-measurements of high velocities (6' per sec) were liable to a 
wuufimMm error of ^ or 5 per cent", ^ ...,...«. (38). 
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Of course with lower yeloeities the proportionate error or percentage of errors is 
much less ( becaose the maximnm time-error is unaltered, whilst the total timing 
through the Run increases with the decrease of velocity) : thus — 

'* Single velocity-measurements of low velocities (1 foot per sec.) were liable to a 

maximum error of -^ or 1 per cent.", (89). 

No single velocity-measurements have, however, been used anywhere in this Work, 
(except for the purpose of exhibiting their irregularity as in Art. 28b and Ch. VI, 3a, b) : 
averages of several (never less than three, and sometimes fifty) velocity-measure- 
ments have invariably been used in the Discussion of Results $ so that the maximum 
possible errors in the velocity-data used in the Discussion are alway$ much Un than 
above. 

The velocities were always taken out to hundredths of feet per aeoond (i.«., to two 
places of decimals), but the hundredths can only be looked on as appruximaUly 
correct, 

[In the Mississippi and Lake River Reports, the velocities are printed to 4 places 
of decimals (of feet). This gives an abearance of accuracy which the author 
believes to be quite unattainable, and indeed it has since been explained by the 
Mississippi writers* that the four decimals arose simply from the use of large log- 
arithm tables giving these figures by inspection, and they admit* tiiat these are *' evi- 
dentiy more than are needful to represent the observations". 

In all the other great modem Experiments, the velocities are shown to only two 
places of decimalsj. 



* ** Beply to Dr. Hogen's GriUoifms", Van Noetnad'i MagSi, Vol* ZTIU of '76, pp. 2, 8« 
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DETAILS. 

Pr^ac€,'-'Th]A Chapter treats very fnlly of certain details connected with Telocitj-measorementf 
Tizn Water-lerel (Art. 1—12), Average Depths (Art. 18— 17a), Hydraulic Elements (Art. 18— 20a), 
Wind (Art. 31— 21d}, Miscellanea (Art. 22—26;. The Reader who is not interested in the full detail 
Bhoold read only Art. 1, 2, 6— 7a, 8— 18b, 15, 18, 21— 21d, 25. 

1. Water-Level. — The free surface of a large boclj of water in motion 
is generally in a state of slight but rapid oscillation, (and sometimes of a 
larger slow oscillation in addition to the former,) so that the free surface 
has no really definite level. An Aybragb Fbeb Watbb-Leybl only 
con be found, and that only (with any ease) at the banks. 

2. Still and Free Water-levels.— Theory indicates* that— 

'*The internal pressure in mnning ^ater (in steady motion) is less than in still 
water, and decreases with the velocity ", (1) ; 

whence it follows that, in the case of a Still Water Pool or Gauge com- 
municating by a fine tube with a body of running water, the colnmn of the 
latter above the orifice of communication must be higher than that of the 
former in order to produce a pressure which shall be equal to (and shall 
therefore balance) the hydrostatic pressure from the former, or in other 
words — 

•* The Free Water-Level is necessarily higher than the Still Water-Level ",...(2). 

The former Result has been demonstrated experimentally for the case 

of Pipes (flowing full) by the Experiments! of the late Mr. Froude : the 

latter Result is confirmed ^r the case of Open Channels by Experiments 

detailed below (Art. 8) ; the elevation was found to be very small. 

[Observe that Resnlt (1) has as yet been proved applicable only along ttream^lmet 
of fluid in "steady motion ". Now it will be shown (Ch. YI, 4) that the motion of 
large bodies of water is eminently untteady : also the Experiments above-mentioned 
could not of course be done in " stream -lines "]. 

S. Still-Water Gauge, Pbrmanbnt. — If a large pool of water can be 
arranged in the bank communicating with the free channel only by one or 
more fine passages, the water-level in the pool will often be found to be 
sensibly still, and will stand of course at a level giving a hydrostatic pres- 
sure in the channel of communication equal to the hydraulic pressure in 

• Lamb's " Mathematical Theory of the Motion of Fluids ", Cbmbrldgo '79, Art. 98, 29, 80* 
. t 5€e •* Matore ", Vol. ZIU. of '76, pp. 90, 91. 
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the free channel at the month of the same, and, therefore, presnmably a 

little below the Free Water- Level (Art. 2). A Gaage inserted in snch 

a pool gives the Still Water-Level with great accuracy. This is a very 

convenient arrangement. 

The fine ''passages " are liable to become choked with silt, weeds, &c., 

^hich would render the Qange-Beadings false: this requires constant 

attention. 

[At three of the Experimental Sites (Belra, Jaolf and Kamhera) permanent Ganges 
were proyided inside still water masonry tanks (or Qange-Basins, PI. IV, V, VI), 
commnnicating with the free channel hy three small passages at different levels. 
This arrangement was very convenient, and the Readings could be taken with great 
accuracy. One of the passages was cleared ont every day before taking the first 
reading of the day, to ensure free communication with the Free Channel]. 

4. Still-Water Qauge, Temporary, (PI. XXIV, 1, 2).— An attempt 
was made to secure for the case of Earthen Banks the advantages of a 
permanent Still-Water Gauge by the following temporary arrangement ; 
consisting essentially of two parts, viz., (1), a Stand-Pipe; (2), a Float- 
Stick. 

4a. Stand Pipe (Fig, 1).»A cylindric Pipe (CB) of sheet tin 8' diameter was 
erected upright in the steep bank with its lower end closed (by a tin disc (B)), and 
placed at as low a level as could be conyeniently reached by digging into the bank, 
(the water prevented its being snnk more than about 3' below the water* level,) and 
with its npper end open, and above high water-level. A small lead pipe (Z») (of i' 
bore) was soldered into a hole (/) in the tin Stand-Pipe about 3' above its foot, (this 3' 
space (B/) at the foot being intended as a Silt-Trap,) and carried out a short distance 
into the free channel : a length of about 1' at the free end (through which the water 
entered) was bent vertically downwards and pinched together at the orifice so as to 
form a contracted nozzle (n) pointing downwards ; the contraction was intended 
partly to prevent the entry of weeds, &&, into the Tube, partly to check the oscillation 
of the water therein. The water stood of course in the Stand-Pipe at a height giving 
a hydroitatic head above the orifice (n) sufficient to balance the pressure at that ori- 
fice, and, therefore, presumably a little below the level of the water in the free channel, 
(Art 2). 

4b. Float-Stioe {Fig, 1). — The only convenient way of determining the water- 
level inside the Stand-Pipe seemed to be by the use of a Float-Stick (similar to that 
of a Rain-Oange), the water being generally too low down within the Pipe to admit 
of any direct admeasurement 

The Float-Stick (6F) consisted of a slender }* graduated cylindric Stem (G) of a 
light wood fixed upright in the centre of a hollow cylindric Float (F) of sheet zinc of 
diameter a little less than that of the Stand-Pipe, so as to float easily in it The npper 
end of the Stand-Pipe was fitted with a movable loosely fitting tin cap (C) (of double 
sheet tin so as to secure some stiffness) with a short tin Tube (^) of about \* diameter 
by about }' length fixed (perpendicular to its plane) at its centre. When in use this 
Cap (C) rested on the top of the Stand-Pipe, and the Stem (G) of the Float-Stick 

L 
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projected throogh the short Tabe (ff), the npper end of which then aenred as an l5' 
DIOATOB for taking the readings on the graduated Stem. The Reduced Lerel of the 
Indicator (when in position as in nse) was fonnd by connecting with the nearesl 
masonry Bench-mark. 

The Float-Sticks were graduated /rom the top downwards, so that an increase ol the 
reading on the Stick showed a Rise of water-lereL Hence the Reduced Lerel of the 
still Water-surface was to be fonnd thus — 

B. L. of still water-snrface = | ^- ^- ^^ ^^'^J" t ^'"t^ ^''^^'''^ ". /o> 
. J. Du « ffawv BiuMwv — J -constantheightof zero of stick above water, (3). 

Three of these Float-Sticks — one 8', one 6', one 10* long — were made up for each 
Stand-Pipe ; the shorter ones for use at high water, the longer ones at low water. 
Being obviously very delicate, they were protected, when not in use, by being placed 
inside tin tubes {Fig, 2) of same lengtii, with a funnel-shaped head to receive the 
Float (F). Inside these *< Protectors" they could be safely carried about The deli- 
cacy of these Float-Sticks is of course an inconvenience, as the fracture of the larger 
one might render the Instrument temporarily useless. 

4o- ^'^ ^f ^^ Gattge. — When about to be used, the first operation was to ascer- 
tain if there was free communication between the Stand-Pipe and the Free Chan- 
nel. A quantity of water was poured into the Stand-Pipo, after which the Float- 
Stick was introduced, and the Cap placed in position. If the water-level gradually 
fell within the Stand-Pipe it was judged to be in working order ; the lowest reading 
obtained (when the water had ceased to fall) was taken to be the correct reading. 

[Three of these Stand-Pipe Ganges were tried for some time along with the Tem- 
porary Free Gauges to be described below, at and near the Fifteenth Mile, Old Site, 
viz., one at each of the Slope-points ((Th. YII, 2a) 1000' above and 1000' below the 
Site, and one at the Site itself. The Results are detailed in Art 8. After a while 
the Stand-Pipe at the lower Slope-Point seemed to get out of order {see Art. 8). 
From the uncertainty attending this, their further use was entirely given up. 

The Still Water-Levels (already obtained) were retained only for the Experimental 
Site itself Ctee Tab., Art. 9), but were entirely rejected for both Slope-points {see 
Tab., Ch. YII, 8), except indeed for the sole purpose of contrasting with the Free 
Water-Levd, Art 8]. 

4(L ConcUisione, — From the experience gained, it would seem that the Instrument 
in the rough form above described cannot be depended on in a stream bearing silt, 
weeds, &c, from the liability both of becoming clogged, and of separating at the 
joint (Q (a point of weakness), which might destroy the free communication with 
the water. But if made and erected in a more permanent fashion, so that the 
constancy of level of the " Indicator " can be depended on, and if efficient means 
of clearing the communication with the free channel be provided, there can be no 
doubt that the Instrument would have all the advantages of a good Still Water- 
Gange. 

6. Free Water-level.— In the absence of a Still Water-Gauge, the 
Free Water-Level must be determined. Its oscillations will be found 
too rapid to admit of obserring with certainty — even in calm weather — 
any but the highest and lowest water-levels. Even these levels are 
variable, there being frequent phases of high maxima and low minima. 
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In a high wind the uncertainty is mnch increased. 
The practice of these Experiments was to watch the water-Bnrfaoe (with the eye 

as close to the water-snrface as was practically possible) for ahout ha\f a mt'nvto, 

and record the " highest maximnm and lowest minimom " within that time. It was 

then assumed that — 

Aye&aob Fabe Watxb-Lbvel = Mean of ^highest maximom " and " low- 
est mmimnm", ^mm • (4)» 

and this mean level is the one that was always used for the Free WatsT'Level in re- 

cording Gange-Readings, &&, in these Experiments, wheneyer the highest and lowest 

levels themselves are not shown. 

6. Standinq Frbb GAuax. — A permanent Standing Oaage ia the 
only con?enient way of thus determining the Free Water- Level ; bat to 
admit of very accurate reading, it is essential that it should not ruffle the 
water-surface. This can be arranged in a long straight pretty uniform 
Bank of masonry, or wood, by building the Gaage into, and flueh with^ the 
bank, so that the water may slip quietly past without being ruffled ; or in 
an irregular bank (as in an earthen channel) by placing the Gauge in an 
indentation in the bank. 

7. Temporary Free Oaogei (PI. XXIY, 8, 4).-~In these Experi- 
ments it was necessary to determine the water-level frequently at many 
places where no Standing Oange existed, and where it would have 
been difficult and expensive to erect one. The following Arrangement, 
which may for shortness be called a Tbmporaey Frbb Gauob, was 
found to g^ve yery accurate determinations of Free Water-Level, and to 
be convenient in application. 

7a, Temporary Gauge, {Hg, S, 4).— The essential feature is the provision of a 
namber of permanent or temporary Bench-marks in the bank, the lowest of which 
shall be below low water mark, and the rest ranged at convenient levels, so that there 
may always be found one at a depth less than one foot below the temporary water- 
snrface. It remains then only to measure the depth of water over this last Bench- 
mark. 

Braes Foot-Rule, (B). This was done by inserting a thin brass Foot-Rule (B), 
made of sheet brass I* wide by ^^'^ thick, divided into tenths and hundredths of a 
foot, into the water with its thin edge to the stream, and with its foot plaeed upon the 
Bench-mark in question : this thin Rule was found to ruffle the water-surface only 
very slightly, so that it was possible to read the " highest maximum " and '* lowest 
minimum " water-level with great accuracy, to hundredths or even half hundredths 
of feet : (the length of this Rule (one foot) determined the Maximum difference of 
level admissible between successive Bench-marks). 

|,It is absolutely necessary to the success of this process that the Bench-marka 
should be so arranged that the water-siirface is not ruffled in its motion past them]. 

Beneh'Marks. The detailed arrangements for the Series of permanent or tempor- 
aiy Beneh-markt mentioned wen as follows :— 
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7b. SMni Embankment (PI. XXIV, 8).— The erection of a Standing Gange 
anywhere within this length (2| miles) wonld have been difficult and expenaire. 
The flights of 12 masonry steps, each about 9* high, (PL n, 2,) afforded, however, 
the means of establishing a series of permanent JBenchrmarkt at about 9* intervals, at 
ail places where the water-level was to be frequently determined. 

For determining the water-level when it fell below the lowest step, a '< referring 
mark" was cot in the face of the if "drop-wall" (PI. n, 2), and the distance of 
the water-surface from this mark measured with a Bod or Rule. 

[This last measurement was not susceptible of so much accuracy as in the former 
case, especially if the distance to be measured exceeded one foot, from the impos- 
sibility of brioging the eye near the water-surface]. 

7c. Sartken Banks, (PL XXIV, 4). — Temporary Bench-marks were provided by 
driving a series of stout wooden Pegs into the bank at convenient intervals of abont 
9'^ or 10'' as far as they could be readily driven with a mallet ; the heads were then 
sawn off roughly horizontal. A brass headed nail with a round head (n) was then 
driven home on the top of each Peg : the rounded top afforded a definite level (not 
easily mistaken) upon each Peg to serve as '* temporary Bench-mark ". 

[In some cases (at the Slope-Points connected with the Belra and B^amhera Sites) 
this series of Pegs was retired in a pool formed in an indentation in the bank, and 
partially cut off from the free channel by a rough earthen Dam, so as to form a nearly 
still water pool]. 

A masonry Pillar was built on the bank near to the series of Pegs to serve as a 
" permanent referring mark " : the levels of the *' temporary Bench-Marks " were 
checked by connecting them (by levelling) with this referring mark as often as was 
thought necessary, sometimes daily, sometimes weekly* 

7d. Ineonvenienee of temporary arrangements.'-The constancy of level of the 
" temporaiy Bench-marks " cannot be depended on in soft soil, nor even in firm soil 
when freshly driven ; and they are liable to be tampered with by passers by. The 
necessity of frequently checking their levels is of course a good deal of trouble in 
extra Field-work. 

The temporary anangements described give also some trouble in office in reduction 
of the Field-records to a common datum, all of which is saved by the use of a 
Standing (Saoge. 

8. Free higher than Still Water-Level.— This Result, rendered pro- 
bable by the argaments in Art. 2, is confirmed by the following Experi- 
ments undertaken chiefly to test the use of the Stand-Pipe Gange. 

Ea^eriment Three of the Stand-Pipea above described were erected alongeide 
of three of the Temporary (Peg) Granges above described in use at and near the 
Fifteenth Mile, Old Site, on the Left Bank, viz., 

One of each at the Slope-Point (Ch. VII, 2a), lOOO' above the Experimental Site. 
One of each at the Experimental Site. 

One of each at the Slope-Point (Ch. Vn, 2a), 1000' below the Experimental Site. 
The Still and Free Water-Levels of the same place were determined in eueeeision 
iue., not simultaneously) by the same Observer from the Stand-Pipe and Peg respec- 
tively, in connexion with the Discharge-Measurements detailed in Tab. XLIX. in 
progress at the Experimental Site. The Beanlts reduced to a common Datom 
(870^ above Karachi Mean Sea Level) are shown in Tab. LXXV. 
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[TbeM Experiments wonM have been better for this purpose i£ the Still and 
Free Water-Levels of the same place conld have been determined fitnuUaneoualy : 
anfortnnatelj this was impossible with the Staff arailable consistently with the prc^ 
per execation of the other more important work in hand. The actnal intervals of 
time between the Still and Free Water-Iievel obserrations was about a minote or two 
on each occasion]. 

It will be seen (m« Table) that ont of 63 (i.e., 21 + 24 + 18) trials, the Free 
Water-Level is $UghUy higher than the Still Water^Level in 54 trials, coincides with 
it in d trials, and is the lower in only 6 trials : ig^yoreover, these last 6 depressions 
occur at one place, on only 3 days in all, and are all comparatively large, so that it 
seems quite probable that the Stand-Pipe concerned was out of order on those days. 

Froxa the above it may be fairly concladed that^ 

** The Free Water-Level is in general higher than the Still Water-Level by a 
small quantity '^ ••• (5), 

whence follow the important practical Conolnaionfirrr. 

*' When great accuracy is required, the Free Water-Level sboold be taken ", (6a). 

''For ordinary practical purposes* it matters little whether the Free or Stall 
Water-Level be taken, but it is desirable to adhere constantly to one or the 
other at the same spot", (6(). 

9. Water-LeveU at each Site. — The different modes of determining 
the water-leyel at the different Ezperanental Sites^ are shown in the Ab- 
stract below. 
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10. QaDge-Beadinf .— For shortaeae' sake tbe height of water-level 
above auj conTenient datom will be etjied a QAUOl-RBASiNa, whether 
obtained as aa actaal reading of a permaDeiit Gaage, or hj an; of the 
temporary arrangemente above described. 

11. Water-Levela, Both banks. — In determining the water-lerel at a 
Site by observation od one bank, the qneetion oatnrally ariees whether the 
Free Watet-Level is the eame at opposite points on either bank in 
calm weather, and whether it is affected by wind. 

SxperiBiaUt. To t«at this point, a wries of caieful Esperimenta were made on 
four diSerent daji, -rii., on tvro iaje fn a perfect calm, and on two other days in a high 
wind aenaa the canal, (one from rifcbt to left bank, and one from left to right binlc,) 
all at the SoUni Embanknent Main Site, which Ii very favorable for accurate deter- 
mination of the free water-leiel, ( \rt 9). 

To obtun the higheat possible predsioD, the Average Free Water-LevelB (.Art E) at 
theoppositebanki were in eveiycaM determined MiMor/y 01 ,paMiU«rim«ttMiwnu^ 
by two Obeervera acting in concert, tbna — 

" The two Obgervera knelt down at the water's edge on oppodte banks at the same 
time, and noted (by the mode described in Art 7) the highest raazimnm and lowest 
mitiimmn water-level which occcrred at their respective stations rnlAin ahoM tie 
tama half-minuli. The Mean of these readings was accepted (Art 6) as the Aver* 
age Free Watcr-Level on either bank i and the difference of water-levels at the two 
banks fonnd by applying the known redaced levels of the steps. Bach such obser- 
vation was repeated several times in sDccessian ". 

The details of these Experimenla are given in Tab. I.XXVI, LXXVIIL 
An Abstract of the Resnlta is also givea in Table below : the foUowing abbrevia- 
tiiaisare used — 

B > L stands for Uight Surface higher than Left 
L > B stands for Left Surface higher than BigbL 



1 19-6-'77 
SZM-'77 
a 19-8-'78 
4 3(Mi-79 
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The state of the Vfiai waa observed at beginmng and end of each Series of Bx- 
perimenta : the mode of leeordiiig it is explained In Art Si. 
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From the aboye Abstract the following Oonclaslons may be drawn :-^ 

'* Eyen in calm weather, the Average Free Water-Lerels of oppodte banks are 
liable to differ slightly at any one time, (probably on account of the varying state 
of the oscillations,)" ^ (7a}, 

'* but are sensibly the same on the average of a considerable interval ", (75). 

** In a high cros^ wind the oscillationa are greater than in a calm, and increase 
with the wind'*, ••..... - (7r). 

" In a high cross wind the oscillation is least nnder the sheltered bank '*,... (7(/), 

** and the Average Free Water-Levels of opposite banks are liable to differ at 
any one time by a good many hundredths of a foot, and irregularly ** •• ..(70), 

" but on the average of a considerable interval the Average Free Water-Level is 

slightly raised at the hank which is exposed to the wind", (7/*). 

fit may seem a matter of surprise that (if the Wind does really raise the Average 
Free Water-Level on the whole on the bank exposed to it) the mean elevation so 
produced by the very high wind in the fourth Experiment is actually much less 
(*0I4 as compared with *030) than that produced by the more moderate wind of Ex- 
periment No. 8. But the fact is that the difficulty of the observation increases • 
rapidly with the height of the wind on account of the violence and irregularity of the 
oscillations caused, so that the last Experiment is by no means so trustworthy as the 
third : the uncertainty is well shown by the magnitude of the ** Divergence *' ('125} 
of the Besults]. 

As it appears thas that the Average Free Water-Level is liable to 
differ considerably on opposite banks (and also at other parts* of the 
snrface) at any one moment, it seems desirable to adopt for the Average 
Free Water-Level at a Site some quantity independent of the particular 
bank of observation : the only obvious simple (t. e.f easily obtained) mea- 
sure thereof seems to be the following : — 

" The Average Free Water-Level at a Site = Mean of the (simultaneous) Average 
Free Water-Levels on opposite banks **, (8). 

With this definition, the following practical Conclusions may be drawn 
from the above Experiments : — 

** In calm weather and also in a moderate wind the Average Free Water-Level at 
a Site may be determined with sufficient accuracy for most purposes by a single 
complete observation (1. e,, of both max. and min. oscillation) on one bank ",...(9a), 

** and in calm weather with great accuracy by several complete observations,'X93). 

** Observations would be necessary on both banks in a very high cross wind to 
secure even moderate accuracy, and also in a moderate wind to secure great ac- 
curacy" - (9c). 

12r Mean Water-Level.— It frequently happens that the Watsr- 

Lbvsl in question changes somewhat during the coarse of an Experiment. 
To meet this difficulty, the practice in these Experiments was to observe and record 

• See Basin Xzpte., Atlu, PI. ZIZ— ZZin, fr ZZVI, (wherein many cnw-eeettons of water- 
•mfiaoa are flgnnd ;) atSeeCh. VIII, 2aof thla WorlEfor brief abatnot of 
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in the Field-Book the Arenge " Gange-Beading " at the hetfinntn^ and again at the 
end of each Sbt of Sxpeiiments of any one kind : and it was then aseumed that for 
all pnrpoBoa of calculation or diaeasBion— 

"Mean Watbb-Lbybl (of the Experiment) = Mean of initial and final 

Water-Leyels ", ^ «• «...(IOa), 

and Bimilarlj— , 

« Mean Gkinge-Reading (of the Experiment) = Mean of initial and final Gange- 

Readings", ^ ^ lOi). 

Entry in Tables. This last qoantitj— the Mean Gauge-Reading— is what is 
entered in CoL 2 of most of the Detailed Tables as the *' Argument ", or quantity 
showing the state of the water-level. The Tariation of water-level (or difference 
between initial and final Gange-Readings) is also given alongside to show the state 
of steadiness or unsteadiness of the water. 

[In the snb-colnmn" Variation'' (of water-level) thronghont the Tables, a RiSB 
of water-level is indicated by the sign + , and a Fall by the sign - ]. 

18, Average Cross-Sections, — In the case of Sites with aneyett beds, 
it would seem always necessary to obtain a sort of Average Cross-Section, 
by taking Soundings right across the channel at sereral cross-sections 
a short distance apart, so as to eliminate the effect of casual irregulari- 
ties of the bed. This seems especially necessary when the Results are 
to be used in connexion with Float-yelocities, which are necessarily only 
a sort of Average velocity along the Float-Course. For this case the 
Atbragb Depth along the Float-Course, or perhaps eyen throughout a 
longer line, should be obtained. 

Sounding Coubsb. This term will be used for shortness to denote a 
line of Soundings parallel to the Current-axis. 

[The nnmber of cross-sections sotinded over in all the lai^ge modem Experiments 
with Floats, from which the Average Cross-Sections were obtained, is shown in 
Tab., Ch. IV, 26b. It will be seen that only two Cross-sections were sonnded over 
in most of the large Rivers. This seems certainly far too few for the purpose]. 

18a. Vractiee on thU TTorA.— At all the Experimental Sites with uneven beds. 
Average Cros8*Sections of the bed were obtained by taking Sonodings right across 
a nnmber of (from 6 to 8) cross-sections at 25' to M apart ranged above and below 
the centn of the Site (as in Sketch, PI. VII, 2), viz., 
8 CroflB*Section8 at 50' apart in all the wide channels. 
6 H n „ 25' „ in the Distributaries. 

The Soundings were taken in Sounding-Courses aligned with (and extending 
beyond) the Float-Courses, (defined by the lines of Pendants,) which lay over the 
bed. The mean of the depths in each Sounding-Course was accepted as the 
Aybraox Sounding in that Course, and is the only Besult of the kind used 
throughout the Work. 

Thus the Aybraob Sounding is the average of from 6 to 8 Soundings covering 
a space of 125' to 200' (along the Sounding-Conne) which includes both the ** Dead 
Run », the *< Run '* itself, and a short space below the *< Ron ". 
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Regular Banks^ Over pen&anent masonry banks, and also over regular earth slopes, 
no Sonndings were taken, as the Cross-section (of snch portions) was moreaocnrately 
obtainable by measnrement. These cases comprise— 
Earth Slopes, At the 16th Mile New Site, (PL 11, 1.) 
Maeonry Slept, At the Solanf Embankment Sites, (PL II, 2.) The levels of Treads 

of Steps were found by levelling. 
Masonry Slopes, At the Beh:a and Jaoli Sites, (PL IV, 8, & V, 8.) 
13b- FrequsTuy of sounding.'-The bed and banks of the Ganges Canal are — 
wherever not artificially protected — liable to constant irregular change, by erosion at 
high water .when the current is strong, and by partial silting at low water when the 
current is slack : and even where artificially protected, the bed is liable to partial 
silting at the period of very low and slack water which occurs just before the closure 
of the Canal for repairs, &c, and also juit after the re^opening (after repairs), soon 
after which tbe Silt deposit is swept away by the current. It was accordingly neces- 
sary to determine at frequent intervals the Average Cross-Sections at all the Exper- 
imental Sites in Earthen Channels. This was of course not equally necessaiy in 
the SoUnf Embankment, the bed of which is protected with frequent brick and 
boulder bars, (Ch. Ill, 9,) or in the masonry channels of the SoUnf Aqueduct 
The actual dates of Sonndings are shown below. 
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14. GaosB- Sections, Tables and Diaqrams. — The Results are shown 
in Tables and Plates, somewhat differently for the wide and narrow 

channels. 

14a. Wide Channels, (Tab. I to IV, & PL II, IV, V, VI, XXV m).— The Results, 
riA., the Ayeraqbs in each Float-Course, obtained from the Soundings, reduced in 
every ease to a common datum for each Sits, are shown (in old face figures 4«5i) in 
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0>L 8 of Tab. I to IV, each line of which may therefore be held to show an Avkragb 
Cboss-Sbction of the Site. Underneath each ** Ayeiage Height of Bed abore 
datom" is shown (in old brevier figures, as 2*9) the Ranob of the depths along the 
Float-Conrse concerned, i.d., 

** The difference between the max. and min. Sonndings along the Float-Oonrse". 

These Ggares will give an idea of the roughnete of the led, Thns it will be seen 
that the Sonndings vary freqaentlj by 1|' along one Float-Conrse. 

The (actaal) Central Depth (in general nearly the greatest depth) is also giren 
in Col. 2 ^o' c^b ^7 0^ Sonndings. This will giye an idea of the difficulty of 
taking the Sonndings on each occasion. 

The last line of each Table shows (in italic figures) the Ranob of the AVBBAGB 
HBiaHTS along each Float-Conrse throughout the whole season, i. «., 

"The difference between the maximum and minimum Average Heights along 

the Float-Course ", 
and may be held therefore to show roughly the amount of change (erosion or silting) 
that took place in the season. 

Diagrams of one or more of the typical Cross-Sections of each Site are given in 
Fl. II, IV, V, YI, and XXVIII, on a common scale of 25 feet to an inch. These 
Cross-Sections are also repeated at foot of all Plates of Transverse Velodtj-Cnrves 
(PI. XXVI to XL). 

I4b* DietributarieMf (Tab. LVI, & PL XLI.)^In consequence of the small num- 
ber of Experiments in the Distributaries, it was found more convenient to print the 
Besults in the form of Aybbagb Souin>iKOS (or Average Depths below the actual 
water-level), and in the same Table (LVI) as the velocity-measurements in connec- 
tion with which the Sonndings were taken : they are shown in Col. 6 of Tab. LVI 
in the lines marked "Depths", with their ** Banges" (or difference between greatest 
and least Sounding obtained) printed undemeaUL Each such line, therefore, shows 
an Average Cross-Section of the Site. 

The Cross-Section Diagrams are given on PL XLI on a scale of 10 feet to an inch. 

15. Averagre Depths. — The Mban Watbr-Lbtbl having been deter- 
mined (Art. 12) for every Set of Experiments, the Avbbaqb Dbpth 
along any Float-Coarse in any particular Sbt of Experiments was found 
as follows : — 

Zevel Bed, (Solinl Aqueduct). The Average Depths were assumed to be the same 
as the Average Qange-Reading, the (Huge-Zero being on the floor of the Site. 

Uneven Bed, The Average Depths were found by applying the change of water' 
level unce the day of sounding (say Lh) with its proper algebraic sign to the 
known Average Sounding (A). 

Thas in all cases the estimation of Average Depths depends ultimately 

on the correct determination of water-level^ and is therefore difficult on a 

windy day : hence {see Art. 11) — 

^ The Average Depths are liable to over- or nnder-estimation (by a few hun- 
dredths) in a wind blowing across the stream according as the Water-Level is 
taken on the lee or sheltered shore ", , (11). 
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EffKt on 2>iscAarp^m«a«iir0»en^.— As the depth enters direcUy as a factor into 
most* computed Discharges (both Discharges past a vertical, and Cubic Discharges), 
this sonrce of error can by no means be oyerlooked. 

16. Sounding Bod, (FL VII, 4) — This was a wooden Bod from 1 1' to 15' long 
of li* X li' square section, marked in feet and tenths of feet— in such a manner that 
the sabdivisions were easily recognizable at 100' distances as follows, {$ee Fig.) : — 
Opposite faces of the Sonnding Bod were exactly alike. 
On any one face (and on tiie opposite face), eyery alternate foot only was snbdi- 
Tided into tenths, each tenth being painted alternately all black or all white ; and 
the intermediate feet were painted either all black or all white alternately. 

On adjacent faces the snbdiyision and painting was quite similar, but the mono- 
chrome and graduated feet were alternated. 

The Bod was fitted with a sheet-iron '< shoe " about 4|' diameter to prevent its 
sinking into the silt or into accidental (small) holes between bricks, boulders, &c, on 
the bed ; this shoe was loaded with sufficient lead to carry the Bod quickly to the bed. 
The head of the Bod was fitted with an iron ring to which a light rope was attached 
to save the entire loss of the Bod in case of its slipping out of the hands of the man 
who wielded it, (as sometimes happened.) 

17« Miode of Sonnding) (Wide Channels). — The Soundings were taken from a 
boat with the Sounding-Bod just described : the reading being done from shore. 

The two BOPES being placed in thdr "working positions" with their train of 
Pendants complete, (Ch. IV, 18,) defined two of the Cross-sections {Mee PI. VII, 2), 
on which soundings were to be taken : the remaining six cross-sections were defined 
by marks laid out on the banks. 

The Boat was then aligned in any one of the lines of Pendants some distance 
above the upper section ; and when all was ready, allowed to float gently down the 
stzeam. One of the native StafiE let the Sounding Bod into the water and kept lifting 
it up a few inches (or as much as was necessary to let its foot escape the irregulari- 
ties of the bed) and letting it go, whilst the Boat floated gently down-stream, holding 
the Bod as upright as possible. In this way of sounding— with the Boat in motion— 
the disturbance of the water round the Sounding Bod was reduced to a minimum. 
The alignment of the Boat in the line of Pendants was preserved by tow-ropes han- 
dled by men on either bank, who walked along the bank with the Boat as it floated 
down-stream. The Junior Observer sat in the Boat and directed the alignment by 
aligning the Sounding Rod itself with the line of Pendants. The Senior Observer 
walked along the nearest bank, watching where the water cut the Sounding Bod : 
and noted the reading just as the motion of the Boat carried it into the cross-sec- 
tion desired ; the proper moment was indicated by one of the native Staff standing 
on the Bank in the plane of the cross-section, who called out just as the Sounding 
Bod crossed that plane. 

17a. Precision of Soundings.^Boxmdmgs made as described, i,e», with 
a Bonnding Bod read from the banks, cannot be taken even under favor- 
able circomstanoes (t.e., in a narrow channel and in slack water) mncli 
closer than the tenth of a foot. 

* Not into Disobttrges put a Tiansvennl, (<^., Sorfaoo-, Mid-depth-, Ac., Diadiargcs.) 
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In these Experiments the Soonding Bod was always read only to the nearut tenth 
qf a foot : occasionallj this conld not be done with certainty. Bnt great accnracy in 
reading the Sonndiog Rod woold have been qoite useless on accoont of the nn- 
eyenness of the bed, the accidental rises and hollows in which were often 1 foot, and 
sometimes more, {see Tab. I— IV.) 

The Ayebage Soxtndings obtained— as the mean of six to eight soundings 25' 
to 50' apart in each line of Pendants— can alone be accepted as approximate Ayes- 
age Soundings generally correct to the neareet tenth of a foot ; bnt accoracy 
in the hundredths cannot be depended on. 

[Greater precision in the Ayebagb Soxtndings could only haye been obtained hj 
increasing the number of cross-sections sounded oyer : but the labor of obtaining 
soundings oyer a larger number was quite prohibitoiy. The work described, yix.. 
Bounding oyer eight cross-sections in from 15 to 19 Sounding-Conrses usually occupy- 
ing 4 hours of work fatiguing to the whole party]. 

18. Hydraulic Elements, Computation. — It is proposed to apply the 
term Hydraulio Elements to the following quantities which are of 
frequent occurrence in Hydraulics :«-> 

Gauge Reading (^ or H), Central Depth (H), Surface-breadth ((), 
Wet-Border (B), Area (A), Hydraulic Mean Depth (B). 

These quantities Yary generally with the water-IeYel, defined hy the 
Gange-ReadiDg (Ji or H), and require therefore special determination for 
any particular water-IcYcL 

It seems necessary to explain here the mode of computation employed. 

Computation of H, b, B, K. These call for no remark. 

Computation qf A. The f ormnlic used were in all cases the best simple approxima- 
tion-formuljs (Simson's Rule, Cubic Rule, Weddle's Rule, &c.) known : they will be 
found fully detailed in the Chapter on Discharge-computation (Ch. XIX): the formulas* 
being of same type in both cases, it has been found most conyenient to giye them in 
detail once for all* in that Chapter. It will suffice to say here that it is by no means a 
matter of indifference what formuhe are used, for it will be shown (Ch. XIX) that, 
in channels which are as a whole concave throughout, the use of simpler formulsB 
than those used in this Work (e.^., the Trapezoidal Rule) tende to under-estimatUm 
of the Area. 

The labor of computation — especially in the case of the channels with 
changing beds<»is Yery great. Isolated Yalues must of course be com- 
puted directly ; and this work admits of no abridgment except such as 
can be had from methodical computation on ruled forms. But where 
many Yalues are required, e,g,j in forming a Table, it suffices to compute 
directly a number of fundamental Yalues at moderately close interYals, 
and also at every point of diacontinuity in the cross-section, (such as the 

treads of steps, PL II, 2,) and to interpolate the remainder. 

18l^. Earthen ChanneU.^ln the case of Earthen Channels, the values of H, b, "B, 
* S9e Abstract Tab. 11 for detail of formnln naed at caoh Site. 
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A| were compnted directlj, ue., from the Average Depths only for the gaage-readings 
(k) of each day on mhuih Soundings were taken (Art. 13b) : these were the funda- 
mental yalnes. For other water-leyels, the Bed was assnmed constant, and the changes 
of H, 6, B, A corresponding to the changes of water-leyel (AA) were computed, and 
applied as '' corrections " to the fundamental yalnes of H, h, B, A. The changes in 
question can usually be computed much more readily than new values of the primary 
quantities, especially when there are permanent banks of masonry at uniform slope. 

For very small changes of water-level (such as •01 or •02), the value of R was 
often obtained by simply assuming its ** change " to be eqttal to the change of water- 
level But for larger changes of water-level, the value of B was always obtained ffy 
direct division as the quotient B -r A, the " change " of B not admitting of ready 
computation. 

1 8b. Side^lopes of 1 in 2. — ^The above process is particularly easy of application 
in the case of Side-slopes of 1 in 2 (as at the Belra and Jaoli Sites). For it is clear 
that these Side-slopes are such that — 

Bise : Base : Slope = 2 : 1 : ^^6 = 1 : i : 1-118, .„^ (12). 

Hence the true surface-breadth (jb^ having been found (once for all) for aqy given 
gauge-reading (h), it is clear that for any given change of wateivlevel (AA), 

Change of water-surface (A&) = change of water-level (Ah), (18). 

Also the true Wet-Border (B) and Area (A) having been computed from the 
Soundings for any given gauge-reading (A), it is clear that for any given change of 
water-level (AA), 

Change of Wet-Border (AB) = 2-236 x change of water-level =2'286xAA, (14). 
Change of Area (AA) ss ^ (S^ + b)x change of water-level, 

= i (&o + *) X AA = (Jo + 4 AA) X AA, (16), 

where h^ s water-surface of day of Soundings, 

h s water-surface of time of Expert. = S^ + ^^o = ^o+ ^^> (16). 

[Similar formula might of course be readily constructed for any other side-slopes]. 
19, Detail published.— To save the labor of such calculation hereafter, their 
values are given either once for all in special Tables,or else in such detail as seemed 
requisite in the Detailed Tables of velocity-work. 

Earthen Channels. The bed being liable to change, the values of each of the 
quantities (H, A, B, A, R) have been given in detail with each day's work, (Tab. 
XLIXtoLYI) computed from the Average Cross-Sections given in Tab. I to IV, 
and LVI. 

SoUbU Embankment Minor Sites, (Snrfaoe velocity-work only). The values of 
H, 6 axe given in detail with each day's work, (Tab. XXXIII). The work being 
of comparatively little importance, it was considered unnecessary to compute the 
values of B, A, B : they can be computed from the Average Cross-Section figured in 
PLXXVm. 

Soldni Embankment Main Site and Aqueduct Sites. On account of the assumed 
permanence of the bed at these Sites (Ch. HI, 10a, 12a) it has been possible to present 
the values of the Hydraulic Elements in short special Tables (Nos. V, VI) for ready 
reference. These will be explained below. In addition to this, however, the valoes 
of the more important elements (H, A, B) have been given in detail with each day*» 
work in the case of all Transverse Velocity- Curve work, (Tab. XXIX to XXXII, 
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and XXXIV to XLVIII,) bo that for this sort of work refennoe to the ipedalTabtei 
is required only for the valoes of B, A. 

19a. 8old>a EmhanJhMnt Main 8ite.^Two special Tables (see Tab. V) have 
been prepared, one for the whole of the Two-Year Period (Aognst 76 to Angnst 
'TS), in which the bed was found nearly constant, and one for the subsequent period 
wiUi yariabie bed. 

The latter shows the Talues of each of the quantities H, h, B, A, B, for the aetnal 
water-level (defined by h) of every Experiment made in this latter period, the Experi- 
ments being few in number. 

*^The former shows the values of each of the quantities H, h, B, A, B throughout 
the whole range of water-level as follows :* 

1^ Below the Steps. At or near the water-level of every actual Experiment 
2^, Above the Steps, A t the level of the Tread of every Step, at 01 above every 

Tread, and at every tenth of a foot 
An easy interpolation gives the values at any intermediate leveL 
This (Two-Year) Table was computed from the Average Cross-Section of tiie bed 
obtained by soundings on 15-8-76 (Tab. I), together with the cross-section of the 
steps obtained by levelling done about same time. The former (August 78 to April 
79) was computed for each day from the soundings most recentiy executed (Tab. I), 
together with the cross-section of the steps obtained by levelling in September 78. 

[It should be noted that the steps are of somewhat unequal height, and the 
treads of corresponding steps on either bank are^probably in consequence of un- 
equal settiement-— on different levels, (the left bank steps being about *15 the 
higher :) the steps average 1^' tread with -75' rise ; their levels may be seen in 
Tab. y. These inequalities, and the abrupt change of figure at eadi step, have 
involved very full detail in Tab. VJ. 

19b- Soldni Aqueduets,^Tht special Tab. (No. YI) has been prepared from the 
enlarged Cross-Section of the Right Aqueduct given in, PL 1, 8, and shows the values 
of each of the quantities h, B, A, R as follows :— 

1^, Below 4'. At or near every gauge-reading (H) at which Experiment was done. 
2^, Above 4'. At every tenth of a foot of gauge (H). 
8^, At every point of discontinuity of the contour ; these correspond to A or H 
= 2'00, 7'-80, 9'-87, 9'-85, (see PL I, a) 
For gauge-readings intermediate to these, the values can be found by an easy inter- 
polation. The Table applies in strictness only to the Right Aqueduct, but has been 
need for the Left Aqueduct ; the Aqueducts are so nearly similar that the error in- 
volved must be small. 

20. HydranliO ElementB, DiflOONTnnnTT.-«It is obvious that as a general 
rule, tiie values of each of the quantities H, 6, B, A, R, increase and decrease with 
rise and fall of water-level : but this is by no means universaL In the first place in 
earthen channels with beds liable to change, every re-determination of the cross-sec- 
tion figure is liable to cause a change in the values of each of these quantities even 
for the same goM^reading^ and to quite destroy any regularity in their increase and 
decrease. This will explain sufficientiy the irregularities noticeable in the case of the 
earthen channels (Tab. XUX to LVI). 

Next in permanent channels, (and also in changing channels between each new 
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determinatioii of tlie cvowHaection,) the ehanges of these qnantitiea are of different 
charactor, yis., 

1^ The Talaes of H, B, A always increaae and decrease with riae and fall of 

water-leyel. 
2°. The yalae of h nsoallj increaaes and decreases with rise and fall of water- 
level ; but between vertical banks it is constant, and in the exceptional case 
of overhanging banks its change is the opposite of the change of water- 
level, (as in the Sol&nf Aqnedacts, PL II, 4.) 
SP, The value of R nsnally increases and decreases with rise and fall of water 
level ; bnt at every abmpt discontinnity, e.g., at the tread of every step, 
(PI. n, 2,) and at every horizontal offset (as in the corbelled footways 
of Fl. n, 4), the valne of R nsnally deeremei at first with any very 
small rise of water-level, and then increases as the water-level continues 
to rise. This is of conrse a consequence of the valne of R being the quotient 
A -T-B ; the value of B just above such points of discontinnity inoreasing 
abruptly (by the width of a whole step or offset), whilst that of A increaaes 
at first very slowly. 

[See Tab. V, VI for many instances of this]. 
20a. Hydranlio ElementBy J>i*orepanei€i,^lt seems necessary to explain here 
that ^e Hydraulic Elements for the Soltof Embankment Main Site figured in the 
Tables and PUtes, differ in a Jew inttancea somewhat from thoae of the Standard 
Tab. y. These discrepancies are due to trifling differences (*01 or *02) in the levels 
of the treads of the steps as determined at different times. In all such cases the 
detailed values axe to be preferred as depending on the standard levels of the time. 

[The differences in question are liable to cause discrepanciea of like amount (*01 
or "02) in the values of H, R i no discrepancy arises in the valne of i, except when 
the waterHSurface is nearly flush with the tread of a step, in which case they are 
liable to cause discrepancies of the breadth (1*2*) of a whole step in the valne of h, 
and of abont '05 in that of R, (j«e Tab. XLIV, Ser. 161 for several instances ; this 
case is quite exceptional)]. 

SI. Wind. — ^The Direction and Velocity of the Wind were recorded 
nsnally both at heginning and again at end of each Bet of yelocity-work 
of any one kind, as follows : — 

Direction, This was estimated in the following conventional manner (very con- 
venient, however, for the purpose), viz.. by the usual mariner's compass points, t.^., as 
N.,N. (E., N.N.E., &C., the current-axis being taken as WoBKiNa Mbbidian, or 
N.S. line, thus — 

A Wind blowing yroM up-stream is reckoned North, 
n M fi'om dowTirttream is reckoned South. 

Sometimes the Wind appeared to be in no definite direction ; this is denoted by 
the letter V, which stands for " Variable ". 

Veloeity. This was measured by obserring the time occupied in one rewdtOum of 
the primary index of a small Anemometer. The number of chronometer beats (half- 
seconds) elapsed were alone entered in the Field-Book. The published results show 
in all cases the deduced Velocity in feet per eeeond. 

In a few cases special letters have been used to indicate particular states of wind 
not readily shown by the Anemometers, thus~ 
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{ stands for light, Le^ too light to move the Anemometer. 

g stands for gu$U, indicating squally , 
and in a few other cases (when there was no Aiiemometer availahU) the following 
special letters have been nsed— 

I for light, m for moderate, I for breeze, h for high, g for gnsts (or squalls). 
21a. Anemometers. — The Instraments available were-— 

A. Aib-Meteb (Biram's pattern) by Negretti and Zambra, showing 150' of 
wind per reyolation. 

B. Aib-Meteb bj Ciasellay showing 100' of wind per reyolntion of primary 
index. 

C. Anemombteb (Robinson's pattern), by Adie, showing 180' of wind per 
reyolntion of primary index. 

These Instraments were used as follows : — 



Bits. 



B 



15th Mile Sites, 
Sol&nl Embankment, 

Solinf Aqnedncta,... 
Belra Site, 
Jaolf Site, 
Eamhera Site, 



••• 



Maroh to May '78, 
1876—79 

\«zo6pt u under B J 

'75 to Noyr. '78, 

Jany. toMarch'79, 

••• ••• *•• 

... ... ••. 



Decr.'78&AprU'79, 
March to May '78, 

••. ••• ••• 

••• ... ..• 

Jany. to March '79, 
•*. ••• ••■ 



•■• ••• *•* 

••• ••• ••. 

Deer. '78 & April '79 
••• ••• ••• 

*•* ... ••• 

Jany. to March '79 



Thns it will be seen that Instrument A was nsed almost oontinuonsly for the two 
principal Sites (Sol&nf Embankment, and Aqnednct) : and in particnlar this Ins tmment 
was nsed during the whole of the Snbsnrface Velocity-work, (with trifling exceptions.) 

[It is unfortunate that these Instruments were of different patterns, especially as 
their indications were found not to agree* yery well, when tested together : but there 
were no others ayailable]. 

21b. Wind-data rough, — The Wind data obtained can only be looked 
on as a rough Estimate of the wind, partly in consequence of the data 
giving the valaes of the direction and velocity only at beginning and at end 
of each complete Set of yelocity-measarements of one kind, disregarding 
therefore the change (sometimes very great) of wind during the pro- 
gress of the Field-work of the Set, (lasting say \ hour to 4 hours,) 
and partly in consequence of the uncertainty of the indications of the In- 
struments themselves. 

pit would haye been preferable perhaps to haye found the Total Wind passed dur- 
ing the whole time occupied in the Field-work of each complete Set of yelocity-mea- 

* The Snperlntendent of tho Thomason College Meteorological Obeenratory, Dr. Murray Thorn- 
son* F.R3.Bt» reports that he has foimd this to be a common fanit of Ancmometen^ eyen when of 
eamepeUem* 
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rarementB of one kind. The only Inetnimeiit (A) tTailable from 1875 to 1878 iLe,f 
doring most of the Field-work) was, however, qaite nnsnited for each work]. 

Inasmuch, howeyer, as there is as yet no known way of making any 
qoantitatiTe allowance for the effect of the wind, and so eliminating it 
from the actual Float-relocities, it is believed that the Results obtained 
are sufficient for the present purpose as below — 

''The Wind BesoltB are to be accepted only as rongh indications of the preeenoe 
and amount of some cause of disturbance of the motion of the water", (17). 

Sic. Mean Wind.— <The Mbah Wind of several observations of direc- 
tion and velocity of wind has been found as follows : — 

The Rbsultakt Wind was first found by plottbg to scale the whole of the 
wind-data ('* Calms" and ** light" Winds being reckoned as of sero velocity) by the 
Theorem of the Polygon of Fobgbs (or of velocities). 

[In finding this Resultant, only such data could be employed as gave d^fimie valuu 
of both the direetum and velocity of the wind, to the entire exclusion of all indefi- 
nite estimates, such as *' direction variable", or such as "high ", ** gusts", &c., for 
velocity]. 

The directim of the Mkan Wind was then taken the same as that of the Bbsult- 
ANT just found, and the magnitude of the Mban Wind was found by dividing 
the magnitude of the Rssultant by the number of wind-data, (excluding of course 
all not employed in finding the Resultant) 

The entries of Mean Wind in this Work have all been found by the above process. 
It will probably be admitted to be the most correct ralue of the Mean Wind obtain- 
able from the aTailable data. 

[Where a number of Telodty-measurements have been made in various states of 
the wind, the Mean Wind seems to be the natural and proper quantity to present 
along with the Means of the velocities, (because the resultant effect on the motion of 
the water itself may be expected to be roughly as this <* Mean Wind ".) But it 
seems questionable whether certain other Wind-Results, e,g,f the Total Wind and 
Maximum Wind do not also require attention at same time. Thus, in the process of 
forming the Mean, Winds in opposite directions cancel each- other more or less, so 
that it often happens that the Resultant and Mean Wind of a Series containing 
many high (but more or leas opposing) Winds is but small, whilst the Total Wind 
would be large. 
[This Result nuiy be seen in very many of the Detailed Tables Vn to LXX]. 
Now the difficulty of the Experimentel work increases a good deal with the Wind, 
80 that the ** weight " or reliability of any Series may be said to be pro tanto inver- 
sely as the Total Wind (divided of course by the number of Wind entries). 
21d. Wind, Diaqramb, (PL XXI, XXII, XUy— XLIX>— The Wind (amount 

and direction) is shown in the Plates by firm arrows ( ^ or — 1) plotted 

from the *' Wind Zero Lines " at the foot of the Plato. The length of tiie arrow shows 
the magnitude of the Wind, and the direction of the arrow shows the direction of the 
Wind, (the arrow-head always pointing toward* the wind*$ eye.) The " Wind Zero 
Lines " being East and West lines, East and West Winds could not well be plotted 
on them : all East and West Winds have, therefore, been displaced a little above or 
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below these linen for sake of distinctness. In a few other cases, it has been foond 
necessary for distinctness to displace the indicator-arrow slightly from the nsnal 
position' (with its root on the ** Wind Zero Line '') : this should, howerpr, cause no diffi- 
culty in examining the Plates, as the root of each wind-arrow will always be found 
either <m the ordinate to which it belongs, or connected with that ordinate by suitable 
guiding lines. 
Calms and Light Winds are indicated by hlaek dote on the ** Wind Zero Line ". 
A separate Wind Zero Line is used for each sort of Field-work for which different 
Winds are recorded, thus — 

PL XXI, XXn, XLIV contain only one Wind Zero line. 
PL XLV to XLVni contain three Wind Zero Lines, (corresponding to the 
Mean Velocity-, Central Surface Velocity-, and Surface Slope-Results). 

PL XLIX contains two Wind Zero Lines (corresponding to the Mean Velo- 
city-, and Central Surface Velocity-Results). 

Again, on PL XLIX the Wind is shown twice, ue,, for both beginning and end of 
each separate Sbt both of Mean Velocity- and Central Surface Velocity-work by 

arrows with flat and sharp heads ( i and > ) respectiTcly. Thus two 

arrows are plotted for each ordinate from each ** Wind Zero line " : with winds in 
different directions, each arrow has its root on or near the Zero Line ; when both 

winds are in the same direction, the second arrow ( ►) starts from the head of 

the first, (thus 1 ►= 1 -| >> 

In the other Plates, only one Wind (yis., the Mean Wind of the Series) had to be 
shown for each Result. 

S3, Beduced Levela.— The whole of the Bednced Lerels giren in 
this Work are referred to the Great Trigonometrical Sarrey of India 
Datom (Mean 8ea Level at Eardchl) : those determined by the Experi- 
ments' Staff haying heen inyariably connected with at least two of the 
Canal Bench-marks for this purpose. 

The Beduced Levels of oomparatirely unimportant points, (<• e,, unimportsnt to 
this work) «. y., of Floors of Bridges and Falls, Crests of Falls, ftc^ haye been 
accepted from the Canal Records without further verification. The Reduced Levels 
of the whole of the Gauge-Zeros— except that of Chitaura Falls Gauge— were veri- 
fied by the Experiments' Staff by connexion with the two nearest Caaal Bench- 
marks. 

[The Canal Bench-marks are nearly all on the plinths of milestones, or on the 
plinths of certain pillars in the wing-walls of tiie bridges. Most of these are 
pUutered, and are otherwise unsuitable for really good permanent Bench-marks. 
The plaster is in many cases worn away, in some cases the milestones have sunk, 
and in some cases seem to haye been moved (?) since the time when they were re- 
corded as Bench-marks. The Bednced Levels of the Canal Becords are, therefore, 
frequently inaeeurate. For this reason all important kveUing^ (such as required 
for surface-slope* measurement, &c,) was in all cases done independently. Its mere 
connexion with the Canal Bench-marks in no way affects the results]. 

All Kpedal levelling done by the Experiments' Staff was always done twice over 

• Yor tlMdfltaU of tba delicate l«TeUiiicreqaind for thii^tMCh.VU, 4. 
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with in ezc«IIeat XT Lsrel, lai repeatad imtil all DUcrepanicw exceedlog -01 of * 
foot wan cleared np. 

Sg. Pbboihion m BBsnLTa. — The primary data iiiiad In ealcntsting BemlU in 
tlMw RzperimenU are chieflf Reduced Lerels, Qange- Readings, Average Depths, 
Breadth* of Cbanoel, and Float-Teloeilies. Theee wen all taken ont (originallj) to 
two place* of decimate, (i.>., hundredtiu of feet,) ud eometunea (in caae o( redacad 
level*) to three places. 

All cdcnlatiou from these data were uanallf taken ont to two plaeea of dedmtli 
(Af ., bnndredthi of feet,) end BoBietimea more : manf of the Reealts aie of cunne not 
Mcnrate to two place* of decimali, and it has not been thoaght worth white in inch 
CMea to retain bo many fignna in the pobliihed Iteenlts. The ntunber of deeimaU 
ofaMrred, naed, and retained in each qoantitj are shown below. 
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It willbe Men that the principle ad(¥tedaato[etentiaa of dedmal* in the pvUitA- 
W Bemlts was to rebdn onlj— 

]', 3 decimals in all linear meaanrementi, inch as depths, and velodtio*, which 

seldwn exceed 10' or 13". 
If, 1 decimal in all conaiderable lengths, sneh a* breadths. 
tP, 1 dedmal in all loper&cial meaBorBmenti, soch ai anas, and snperflcial 

Diaehaign. 
4% 1 decimal in small rotnmes, roch a* Dlichargea nnder 1000 c. ft, and none 
In Uige Tolnmea, anch aa Diacharges orer lOOO c. ft 
It ii anbrniltBd that the nnmber of dedmals pahlished is in each case qnite aa 
many sa li naefnL 

[Ar. Ttie impoeHibili^ of expecting acenra^ even in the nnita in the larger 
Cable IMMhaigeawiJ] beofaTiona treat the consideratioQ of even a dngle sonrecof 
OTOTi thna, an error of only -Olof afoot in determining the ArerageWater-Lerel at 
cffilelHrwidewlthaniaBnTelocitrof 4'-6periee.eaiiBBsBnemir ot -01 x IGOx 4-S 
^ft-7Gc.ft pereee. in the computed Cubic Discharge, beddea wtileh there are many 
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S4. HstnB, -IHstfr^pdatfiM tM. — Two atvls of apparnU alight DiaerepandeH are 
Habletooccnrin the''He«ns"in the printed Tahiea; theware not Teall7"EiTon", 
but ace discrepanciea inherent in the proceaa of fMrmiug the Meane. 
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DUerepaney W The ^'Meaiu" bemg usually the Arithmetic Mens of the de- 
tailed entries in the seyetil Snh-Colnmns, it may happen that the means of such 
quantities as are obtained by compatation (each as 6, B, A, B, D, IT, Dy V, &e.) will 
frequently 110^ ayree emaetfy with the values which would be obtained by direct com- 
putation from the Means of the data. And exact agreement is of course nsoally 
impossible* in such cases. 

Diiorepaney 2®. Again, the printed '< Means" being the Means of the crigiMX 
details (including usually two places of decimals) are not always the exact Means of 
the printed details in cases where decimals hsTe been rejected in printing (0.^., in the 
Breadtiiy Area, and Discharge Columns). Such discrepancies are always small. 

In all these cases the printed Means are the ones to be preferred. 

26. Oheoklllg-^It was made a fundamental Bule of these Experiments that all 
work (such as copying, computing, drawing, &&,) vhieh admits of choekf should 
inyariably be checked ly an independent hand, and initialed hy both partiee. Simi- 
larly all '' corrections " were checked, and initialed by two parties. 

Thus all the Field-books are supported throughout by the Obser7er*8 and Checker's 
initials at foot of each page. Similarly all MS. Tables and Computation Sheets are 
supported by the Copyist's or Computer's, and also by the Checker*s initials at foot 
Also every addition, alteration or correction is similarly supported* In the same way 
every original drawing is initialed by the originalf Draughtsman and by tiie (Check- 
er. All these original MS. could, therefore, be re-examined at any future time, if 
found necessary, with some confidence. 

Similarly all Tables and all matters of fact in the Text of this Work have been 
checked by one^ of the Staff. 

The printing of the Tables and Plates was checked in the 'way described in the 
Introductions to Vols. II, III. The revision of the Text in passing through the 
Press was done by the adthor himself. 

26. -^^9 ^ ealeulation, — It has already been explained that— in consequence of 
the use of a 50' Bun with a half -second's chronometer— most of the velocity-iednctioa 
could be done by simple inspection of a Table of Bedprocals. 

Much of the multiplication involved in the subsequent Discharge-computation con- 
sisted of forming numerous pairs of products of " velocity X depth" (seldom exceeding 
8 figures in each factor (e.^., v s 4'93 ft, per eeo, h = 8*85, and vh s 4*98 X 8*85). 
All such products are given at once hy (n^eetion in Crelle's large Multiplication 
Table. Similarly quotients of 6-fignre numbers by 8-figure numbers are also given 
hy intpeetion, llie heavier multiplications and divisions of figures beyond the 
powers of Crelle's Tables, were usually done upon an Arithmometer. 

[Each Field-party was provided with a copy of Barlow's Tables of Squares and 
Beciprocals, and of Crelle's Multiplication Table : and two Arithmometers were kept 
in the general computing office. These proved invalnablej. 

* TUi ihoiild be obvioins from the oonaUentlon that the arithmetic mean - 2/(«) of 11 olmflar 

fonofeloBa/(«) dlAn unMUjr fron the ilmflar fniiGtl(ni/(-2«) of the mean --Ssof flie 
data(«). ^ ^ * 

t The author himnIL t Nearly all t^ the Senior Che6lDV,8avt«W.Port«& 



CHAPTEB VI. 

UNSTEADY MOTION. 

1. Stesly and Unsteady MMion.— It » well to premise the follow- 
ing definitions* : — 

Def. The motion of a flaid it said to be Steady when the velocity at each 
point depends aolely on the positum of the point, and does not vary from instant to 
instant ; and is odd to be Unsisady when the Telodtj at each point varia from 
instant to in»tant, - <1). 

Thas in Steady Motion the Telocity at each point is a function of the 
co-ordinates (c^y, z) of the point, but not of the time ; and in XTxtstbadt 
Motioh the Telodty is a function both of the co-ordinates and of the time. 
These cases are expressed analytically thus — 

Steady Motion, » = /(«, y, «), —z=:Oy ^ (2). 

dv 

Vntteady Motion^v =/(«,y,f,Q, -^ not lero, ^ (8). 

JScoaqplef . Water in vnif onn motion in a fine straight tabe of gT«at length is in 
** Steady Motion ". Water in waves, ripples, or eddies is in " Unsteady Motion '\ 

The mathematical inyestigations of cases of Uhstbady Motion are— 
except in the simplest cases of waves and whirls in a frictionless fluid— 
very difficult Those of Steady Motion are far easier. Accordingly 
most of the common hjdranlio formulas are ba$ed an ih€ hypathens that 
the niotion of water ta steady. This is, however, a hypothesis at complete 
variance with observation. This result, viz., that the motion of water is 
extremely " unsteady " is of such great importance in forming a ratioiiai 
Theory of Hydraulics, and in its effect on practical Experiment, that it 
has been thought worth a special Chapter. 

SL Preliminary Experiment*— Any one watching the motion of water near 
the maigin in a large channel apparently in tranquU motion cannot fail to semark 
a continnons dight variation of level of very short period. This shows that the 
motion even when apparentlj tranqoil is slightly osci l la t o r y, and, therefore^ not qnite 
*• Steady ". 

[On the 2|-mi]e length of masoniy steps of the SoUnl TgmhAnVmunt AJg/M^^jntiCTi 
is sometimes about haffan inek, and mns through all its phases veiy rapidly]. 

* «M any WoikOB MafthMutioil Thiory of Motkm of niiida,(f^, IkmVi Wort, Azt.S8). 
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Again, anj one throwing a handful of chips of wood or other light material into 
water ifi apporeiUiy trtmqvU motion in a large channel cannot fail to remark ffrtat 
imgularUieB in their motion. Some will lag behind for a time, then anddenlj 
harry on and catch np others previoosly in adTance, pass them, and perhaps after a 
time lag behind again. Few will more in straight lines ; most of them will take 
deyions oonrses crossing sometimes to right, sometimes to left This shows nnmis- 
takeablj that the motion is decidedly ** Unsteady "• 

Those who have not seen yelodty-measarements being performed, can, howeyer, 
hardly be aware of the magnitude and rapidity of the variation of the velocity at one 
and the same place. It is in fact so great as to prove a source of extreme difficnlly 
in Experiment. 

S. Unsteady Motioiii ExFERiMBNT8.-*This fact (the magnitude and 
rapidity of the variation of velocity at one and the same place) is clearly 
ahowii in Tab. LXXIII, LXXIV. 

Sa, Centbal Subfacb VBiiOClTiBs.~Tab. LXXm shows the results of 17 
Sbtb of central sorface veloeity-measorements (48 in each Set), selected from a very 
large nnmber of snch Sets of 48 repeated central surface velocity-measurements at 
each Site, (done in connexion with Discharge-measarements to be hereafter explained ;) 
the selection is snch as to exhibit the phenomenon (of variability of the motion) 
under a great many widely different circumstances, and masked as little as possible 
by extraneous accidental influences (such as wind). Thus the work of calm days 
only has been selected, and at both the highest and lowest available water-levels at 
each of eight very difEerent Sites, (the laxgest being 192' wide, and the smallest Idf' 
wide.) 

All the velocity-measurements (of this Table) were done with same Instrument 
(8* inne Disc), and in same manner, and in eveiy case only QoOD Floats (as defined 
in Ch. IV, 81) were recorded. 

The 48 velocity-measurements were in ev^ case done as rapidly as possible in 
succesrion, so that the whole Set of 48 was in each case done in the shortest time pos- 
sible (in one case in only 15 minutes) consistent with recording only Floats in '< fair 
course ". These Bets axe, therefore, very favorable for showing the variability of the 
motion. 

Sb. Cbmtsal VBLOOiTiKa— Tab. fiXXiV shows the results of 10 Sets of ve- 
locity-measurements upon the centre vertical, vis., 2 Sets at the surface, 7 Sets at 
various depths (5', 6', 9') below the sui&ce, and one Set of mean velocities. The 
subsurface velocities were measured with five different Instruments, vix.,^- 
DouBLB Floats, 4 patterns, iee Oh. IX, 2a, 11, 12. 

Cubbbnt-Hbtbb, Moore's pattern, ^see P^xxjgs. of Inst of Civ. Engrs., VoL 
XLV, No. 1481.) 

The Experiments shown in this Table were all <' comparative trials " of two or more 
Instruments. They are not so favorable for exhibiting the phenomenon now under 
review (Unsteady Motion) as those of the preceding Table ; partly in consequence of 
the existence of wind (on three of the days reported), which is itself a cause of iome 
irregularity even in subsurface velocities, and partly in consequence of the Experiments 
being *' comparative trials ** of Instruments, whidi led to the velocity-measurements 
(on two of the days only, vuk, in Sets Nos. 8—6, 9, 10) being done one with each 
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InUnmeni in funi, 80 that ihe complete Set of measnremants with each InBtrnment 
was prolonged over some hoon instiMid of heing done (as in all the other cases) in as 
short a time as possible with any one Instrument 

Notwithstanding these disadrantages, they serve the present purpose qnite well 
enough of showing the rariability of the measurements of the same quantity at yeiy 
▼ariouB depths (at surface, near middepth, and near the bed) and with veiy different 
Instruments. 

In the six Sets, Noe. 1, 8, 4, 5, 6, 7, every Float recorded was in ''fair conne " ; 
but in the last two Sets (Nos. 9, 10) eveiy Float thrown from the Upper Boat was 
timed— whether in '* fair course " or not— and its ** Deviation *' from the centre line 
recorded (in order to ascertain the maximum ordinaxy ** Deviation " possible with 
the two Instruments under trial). 

So. DiBOUBSiON. — ^Doth Tables show the maximum, mean, and minimum yelodty- 
measurements of each Set, and also the << Range" (or difference between the greatest 
and least values), and the percentage that this is of the mean. A glance down these 
last columns (of Bangs and Percentage) will show at' once the very great variaHon 
of the measured values within the short time required for each Set, viz., 

CefUrai Sur/aoe VeloeUy, The Bange is about 35 per cent in two cases, and 
exceeds 9 per cent in all the rest 

Subwrface Velocity* The Bange exceeds 12 per cent throughout, is close to 

80 per cent in 5 cases, and exceeds 57 per cent in one case. 

In sedcing an explanation of this enormous Bange in the measured yalnes of the 

same quantity (done in rapid succession in many cases), it seems necessaiy to inquire 

whether it is wholly or partly due either to downright MiflTAKBS* or to the acd* 

dental Ebbobs* inevitable in all physical measurements. 

I^ Mistakes. By these are meant such downright Mietakee as sometimes occur 
in timing, in recognising the Floats at both Bopes when a rapid succession is passing, 
in entering figures in the Field-book, in reading the Current-Meter dials, in gearing 
and ungearing the Current-Meter, &c Such Mistakes may be fiarge, and will 
therefore suffice to account for large occasional Discrepancies : but they shauld be 
rare with trained ObetrverSf and will, therefore, in no way sufficiently account for 
the phenomenon in question, which is the canetant large variation in succesnve 
Telocity-measurements. 

2°. Aeeidewtal Errors, These are the email Bbbobs inevitable in all physical 
measurements. In the velocity-measurements (done with Floats) in these Experi- 
ments, the only material source of small Error (affecting the present question) is 
the difficulty of timing. 

Now it was shown (Ch. IV, 26b), that the Error in timing with the trained Ob- 
servers on these Experiments might be expected not to exceed one half-second. But 
the actual difference of the *' timings " of the quickest and slowest Floats of a Set 
was often 6, and eetdom tees than 8 haV-secondt^ that is to say, always largely ex- 
ceeded the greatest ordinarily possible Error in timing. 

* IntheteehniadBeiiBeof the •' Theory of Btron of Observation," (w« Aire's Wark,Axt 0,8.) 
t Thoe It teemfl likely that the nnofloaUy large ** Baage ** of fi7'3 per cent, in one of the Cnrrent- 
11 efeer Bzperimente (No. 8 of Tab- LXZI7) was dae to an accidental gearing or failore in ungearing 
the Inrtmmwnt, an accident to which Moon's Cnrrent-Moter was fonnd veiy Uahle in a swiffc 
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It is ooosideredy tfaerBfore» that the preeision of the obsenratioiis Ib hat too gnat to 
admit of the great Range in the measnred valnes of the same qoantitj being (bejfond 
a very small extent) accounted for by ordinaiy Accidental Ob8erTatioi&-eRor8. Tha 
onlj posaible way left to account for by far the greater part of it ia ta tA^ vmriaiiUty 
of the motion iteell 

It was, moreover, qnite a common thing for the ^ timings " of two Hoafts even when 
paeeing through the 50 foot Run prettg eloee together to differ by as mneh as 8 or 4 
half-seconds (a quantity again far exceeding the greatest ordinarily possible enror 
in timing). This shows that the variation of velocity was very rapid, 

[Some epeeial Experiments on this question were fully detailed in the 1874-5 
Report, Art 24. The endence gifen above is thought sufficient, so they are not 
republished here]. 

8d. Visual EviDBHOB.-^Bot there is also independent proof of the 

great yariabilitj of the motion, independent that is of the timing, (and, 

therefore, independent of errors in timing.) 

The practice of executing the Sets of 48 suocessiTe central surfisoe Telocity-mea- 
surements was to throw ont three Surface-Floats at a time from the Upper Boat at 
interrals of about 8' to 5'. It was quite a common thing for these to arrive at the 
Upper Rope (100^ distant from the Upper Boat) nearly together, or eren in a 
different order from that of starting. This irregularity may be partly accounted 
for by the variable effect of the *' wake ** of the Boat itself on them at first starting : 
but this effect must hare been entirely dissipated before arrival at the Upper Rope. 
Nevertheless even within the 50^ ''Run" itself it was quite a common thing for 
Floats passing the Upper Rope in the order A, B, C, to pass the Lower Rope nearly 
together, or even in a different order as B, A, C ; B, C, A, or even C, B, A. Occasion- 
ally a Float hoe been eeen to gain about 5^ on another near it within the length of 
the 50^ Run. 

This accbnnts at once for a difference of 10 per cent, in the velocity 

of two Floats even when pretty close togethevy and is a nsefnl confirmation 

of the accnracy of the Resnlts obtained from the timing, vis*, both of 

the great variability of the motion and of the rapidity of the variation. 

Again, few ont of a succession of Floats ever moved in lines paiallel to the "cur- 
rent-axis". Some edged off to the right, some to the left in no regular order, the 
lateral *< deviation " being sometimes as much as 12^ in 150', (itm Sets Nos. 9, 10, Tab. 
LXXIV ;) some followed a devious course, sometimes edging a little to the right, 
sometimes a little to the left 

This shows that the velocity is very variable in direction. 

4. Motion is Unsteady.— The cases qnoted are only a very small por- 
tion of the evidence available : thos Tab. LXXIII contains only a small 
selection ont of a very large nnmber of precisely similar Sbts (reported 
briefly in Col. 4 of Tab. LYIII to LXX), in the detuls of all of which 
(anpoblished, and therefore accessible only in the Field-Books) this 
variability of velocity was conspicuous. Ihe same thing was, moreoTcr, 
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equally conspicuouB throughtrnt the whole conrse of the Experiments : it is 
not Uiotight necessary to publish details, which would have enormously 
swelled the Tables. It is considered then 'that the eyidence Is simply 
overwhelming ,that this yariability or Unsteadinbss is a general 'property 
of water in motion in Open Channels ; or in other words that — 

** The Telocity of water in motion is very variable— eyen at one and the same 
point — both in direction and magnitude, and the variation is very rapid, i.^., the 
motion is very Unsteady", ^ (4). 

** The amonnt of velocity-variation at one and the same point is liable to be at 
least ith, or 25 per cent, of the mean valae", (5). 

These Results are conceived to be of the highest importance both in 
forming a rational Theory of Fluid Motion, and also in their practical 
effect upon the only course possible in Experiment. 

4a. Practical Consbquencks. — It appears then that the velocity at 
one and the same point is a very variable quantity increasing rapidly, but 
continuously from a certain minimum through all intermediate values up 
to a certain maximum, and then decreasing again and so on, and is, there- 
fore, a j^ertWic quantity, involving the time t in its functional ezpreRsioUy 
which should necessarily be— - 

»=/(*iy.«; 0> W* 

Thus any single velocity-measurement can only give an '^ accidental 

value " of the velocity in question, viz., the particular value at the parti- 
cular time in question, and if measured a few seconds earlier or later is 

liable to be very different : from which it follows that — 

<* A single ve\ocity-measarement is of very little practical use 'V (7a). 

also, " Single velocity-measarements at different points are incomparable", (73), 

because being ^* accidental values " they may be values at different phases 

of their variation, possibly maxima at one point, minima at another point, 

and so on. 

There is indeed one case in which single velocity-measurements at 

different points are properly comparable, viz., if measured at same time, 

EaeampU. Suppose the (superficial) Discharge past a vertical or past a horizon- 
tal line, or the (cubic) Discharge through a cross-section, were sought Conceive 
the lines divided into a great mauy very short segments of length /9, and the cross- 
section divided into a great many very small parts of area a* and the velocities at 
middle of each segment /3, or at centre of each small area a measured all at 
iame instant in either case. Then the Discharges in question would be accurately 
given as the sums of the partial Discharges r/S, 9a» in either case, i.A, 

D = 2 (vp), or D = 2 (t^ . a), 
if the number of segments fi or of small areas a were very larg«. 
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Bat as the necessary condition of synchronous measurement cannot possibly 
be secured in actoal practice, this case is of no practical importance, and 
the truth of Resalts (7a, b), is manifest for practical hydraulics. 

5. Average Velocity — This new term will now be used with follow- 
ing meaning: — 

Def. The Ayekagb Vblogitt at a point is the ayerage or mean of therelo- 
cities at that point taken throngh a considerable intenral of time, or is in fact 

f vdi-i-t, where t is very large, •. (8). 

Accepting then the Result (7a), it follows at once that — 

*' The Average Velocities at different points are the only comparable valnes of 

velocity at those points'V (9), 

and — 

*' The Average Velocity at a point is tbe only velocity at that point wbich is of 
mnch practical nse, and is, therefore, the one to be soaght in all velocity-measnre- 
ment", (10). 

6. Tedionsness of Experiment. — The Conclusion (9) that '< Ayerage 
* Velocities " alone are intercomparable, and are therefore always to be 

sought in all yelocity-measurements, must profoundly affect the course 
of Hydraulic Experiment from the great length of time necessary to de- 
termine the Average value at even one point. 

The manner in which this Average value is to be sought depends entire- 
ly on the Instrument used. Thus with respect to the three Instruments 

most largely used in modem times — 

Floats. Tbese give only accidental values. The Average valae can only be 
found by taking the mean of a large nnmber of measurements. * 

Cubbbnt-Metebs. These give only average values. Tbe Average value is to 
be found by letting them run for a considerable time. 

Pitot's Tubba. These give onlj accidental maxima and minima. The Aver- 
age value is to be found by taking the mean of several maxima and minima. 

With whatever Instrument it be done, the process of finding a good 
Average value for even one point will obviously take a considerable time. 
One very important practical Result is— 

** All Hydraulic Experiments on large bodies of water must necessarily be tedions, 

and therefore expensive ", (11). 

And this tedionsness cannot be got over in any way with Instruments 
which, like Floats, give only accidental valaes. The tedionsness is least 
with Garrent-Meters, which give average values at once by their construc- 
tion. The most hopeful way of reducing the tedionsness and expense of 
Hydraulic Experiment appears then to be by the introduction of improve- 
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ment in the constrnction and mode of handling of Carrent-MeterSy 
both of which are at present open to many objections, (Gh. XXIII.) 

7. Larob stock of Floats. — The Unsteady Motion of the water in- 
Tolyes SQch freqnent nndne deviation of the Floats from " fair coarse ", that 
many Floats mnst be run to secure a small number of " Good Floats ". 
To work with moderate speed, a large stock of Floats must, therefore, be 
provided to be thrown in succession from the Upper Boat, so as to obvi- 
ate the necessity of frequently sending the boats to bank to exchange 
Floats, as the coming to bank is one of the chief sources of delay. 

The great bulk and weight, and the consequent cost of this large stock 
of Floats^ (and accessories such as Plank-Trays,) becomes in the case of 
Subsurface Floats (Double-Floats and Rods) a serious matter. It is, 
therefore, an important practical necessity to reduce the size, weight, and 
cost thereof to a minimum. 

8. Change of Conditions, SsTS.^The length of time necessary to deter 
mine Average Velocities at many points introduces another serious prac- 
tical difficulty (sufficient to profoundly affect the course of Hydraulic 
Experiment) in that the " External Conditions *' (Depth, Surface-Slope, 
Wind, &c.) are liable to change within the time in question. 

The only practical way of overcoming this difficulty appears to be to 
make a small number only of velocity-measurements as quickly as possi- 
ble at each point in turn, so that this small number may be secured under 
very nearly similar conditions at each one of the group of points selected. 
This process may then be repeated, taking all the points in turn, and 
when done, may be repeated again as often as necessary to make up the 
Total number of velocity- measurements at each point requisite to obtain- 
ing A good Average value at each. In this way each Sbt of such veloci- 
ty-measurements will be affected under approximately the same " Exter- 
nal Conditions ", and the Average of all such Sets will have been effected 
under approximately the same '' Average External Conditions "• 

[The number of yelocity-meaaarements to be done at each point at one time (before 
passing on to the next point), was fixed at three in these Experiments, (Art. 12)]. 

9. Other views.— This <' unsteadiness'^ of motion has hardly been 
sufficiently recognized hitherto as a fundamental property of water in 
motion. The unsteadiness is in some cases attributed to accidental causes 
such as wind, and in others it does not appear (though recognized) to 
have in any way influenced the Experiments. Thus— 
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MinUtippi Report, (p. 287.) The motion is thus described— 
** Besides the great difficaltj of taking the obsenrations with sufficient nicety to 
detect the veiy slight difference of velocity at the different depths, there is a second 
canse of failure, namely, an almost constant relative change of velocity at the differ^ 
ent depths. The a^s* can rarely be at rest ; every varying breeze, however gentle, 
mnst affect its delicate adjustment, while the stronger pulsations of a high wind 
must produce an oscillatory movement even greater than that in the tops of the 
tallest trees. Different floats, therefore, although they may pass at the same depths 
below the surface^ may yet pass at very different distances from the cuns, and tfana 
measure the velocity at very different points of the curve ". 

Thns in the Mississippi Beport the yariabillty of the motion seems to 
be ftttribated mainly to the wind. 

JBasin Experiments, (p. 23.) The motion is thus treated — 

" The motion of water in a canal is much more complex than at first sight appears. 
If the velocity at a definite point be observed, it is very soon seen to be variable from 
instant to instant These variations are sudden : they take place by veiy quick 
starts, and are accompanied by slight changes of surface level. • • • 
Appreciable even by an instrument like the current-meter, which must be in work 
for several seconds before yielding any indication, they are yet more so with help 
of Instruments which — ^like the Darcy-Pitot Tube — show velocity by an active 
impulse acting only a very short tim& It is seen then that they are almost instan- 
taneous, that they constitute true breaches of equilibrium which recur in periods. 
The velocity at a given point is then only a mere abstraction ; it is a sort of mean 
between very different velocities which follow in rapid succession. The motion is 
not a continuous phenomenon, and the simple hypothesis of motion in parallel stream- 
lines, adopted with the view of submitting the facts to analysis is very far from the 
truth. A stream-line, t. «., a train of molecules moving in succession with equal 
velocity in the same direction can exist only for a very short time, and is inevitably 
destroyed by the constant exchange of molecules which take place between its 
neighbors and itself and by the consequent oblique movements. These irregular 
movements appear to be produced most in wide sections. • • • • " 

fint this does not seem to haye in any way influenced the course of 

the Experiments (on yelocity-measurement), except in that the oscillationB 

in the Tube were always registered. 

Lake River Report (of '69). In the course of these Experiments, clear evidence 
was obtained as to the existence of pulsations in flowing water. Thus — 

F. 595, ** 1 have found these pulsations in every stream I have had access to. " 
F. 599, " The time occupied by a pulsation varies from a few seconds to over a min- 
nte, not appearing to be at all regular. They are greater at the bottom than at the 
Burfaoe, &c., * * I found that eddies made no difference wi^ them, &C, * *'' 
Many instances are also quoted (ihidem) of observations (by other Observers), of 
** pulsations " of velocity and surface-level, some at sea, some in rivers, some in wells, 
some in small jets. Those of pulsation of velocity are the ones bearing most direct- 

* 1. «., the axlB of tlie velodty^parabola* 



ly on the subject of this Chapter, though the pnlaatioiui of Inrel aJflO show the matfi 
thing (Unsteady Motion) indireotlj. 

10« Average from 60 trials.— In the last two oolumns of the Tables 
discussed in Art. 3, each Sbt of velocitj-measurements has been divided 
into two Half Sets, and the mean of each Half-Set taken oat separate- 
ly. It will be seen that the means of each Half-Set differ from the mean 
of the whole Set by comparatively unimpartant quantitieSj in no case 
exceeding -05 (except in Set No. 8 of Tab. LXXIV, which probably 
contains some mistake, Art. do). From this it woald appear that — 

** The mean of abont 50 yelocity-meafinrements done in rapid snccession is a fair 
approximation to the Ayerage Velocity", ^ ....(12). 

11. Conclusions applied^— The Gonrse of the present 4 years' Ex- 
periments was entirely regulated on these Conclnsions, yiz., that — 

** Only Average Velocitiee are intercomparable *\ 

" Averages should be formed from abont 50 valnes *\ 

*< and should be formed in snch a way as to eliminate personal equation "• 

The velocity-measarements were accordingly done in certain groups, which 
will for shortness be termed Sbts, as explained in following Articles. 

12. Velocity-Work, Sets. — The ordinary sifatemaHc velocity-work 
consisted (as explained Ch. I, 12) of-^ 

''Serial Velocity-Meaanreoaenti upon a vertical or tranavene line "• 

These were executed in following order, (based on the principle laid 

down in Art. 8). 

The velocity-meaanrements were made in groups of three at each point in tum^ in 
as rapid Muooettion as possible from end to end of the line in question, thus — 



On a transversoL 
8 at point nearest left bank. 
8 at next point 
3 at next pcnnt, 
and so on ; lastly 
8 at point nearest right bank. 



On a vertioaU 

8 at surface. 

8 at 1' depth. 

8 at 2' depth, 

and so on ; lastly 

8 at point nearest to bed. 

[Also 6 Bod-velocitieSf as hereafter ex- 
plained]. 

The complete gronp of 8 velodty-measurements at eaeh point in torn from end to 
end of any Line (whether vertical or transversal) will be styled a Swr of velocity- 
measnrements on that Line. The Observers (CiUler and Timskeepa) zetalned tiieir 
places throughout the Field-work of any one such Set. 

[Practical convenience required occasional slight modifications from the precise 
order stated above, not affecting the principle laid down. These will be explained in 
their proper places']. 

The only other systematic velocity«work was central inrf ace veloctty^nMaaarements. 
These were done in groups of iS in aa nqpid sacocaaon as poitible, each Obaorf ar 
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acting as Timekeeper in torn for half the group. Each such group will be styled a 
Set of central snrface Telocity-measurements. Each such Set is obviouslj freed 
from the effects of personal equation by the interchange of Observers. 

12a. Field-work of one Set.— The complete Field-work of one Set of Telo- 
city-measurements involves noting the state of the Water-level and Wind (Ch. V, 
2—10 & 21) at beginning and end of the velocity-work. This was always done in 
following order : — 

il®. Note of direction and velocity of wind. 
2*. Note of water-level, (say a gaugo-reading.) 
8*. Complete Set of Velocity-measurements, (as above.) 
4°, Note of water-level, (say a gauge-reading.) 
5°. Note of direction and velocity of wind. 
The Mean of Nos. 2^ and 4^ is what is tabulated in all the Tables as the (Ifean) 
Gauge- Reading (Ch. V, 10, 12) of the Set. Both states (l** and 5^) of the Wind are 
entered in the Detailed Tables. 

The complete Set was always done as rapidly as possible, and may, therefore, be 
considered — 

" A piece of Field-work done under nearly constant External Conditions "• 
12b. Sequence of Sets.— As soon as one Set— of serial velocity-measure- 
ments upon the same line (vertical or transverse) — ^was finished, a second Set was 
undertaken, after that a third, then a fourth, and so on, to long as the water-level re- 
mained nearly constant, and the wind moderate ; this repetition of similar work (under 
nearly similar External Conditions) was carried on throughout the working hours of 
the same day, and again on the next day, and on other days (whenever the water- 
level suited) up to a limit of about 16 Sets. The OlAervers (Caller and Timekeeper) 
always interchanged for successive Sets. 

[If the water-level changed more than y\f of a foot, or the wind exceeded 15' per 
second. Field-work was usually closed] . 

The Surface-Slope was also taken usually once a day as explained in Ch. VII, 8» 
12c. Tabulation of Sets. — The Means of the three velocity-measurements at 
the several points on any one Line may be looked on as — 

*' Kough Velocity-measurements at each point of the line ". 
These Means or " Bough Velocities " for every point in any one Field-work Set are 
entered in Col 6 of the Detailed Tables, tUl in the same horitontal UnSf one Snb- 
oolnmn being appropriated to each point 

The Date, state of the Wind at beginning and end of the Set, and Mean Water- 
Level (of beginning and end of the Set), and certain other Data (to be explained 
heieafter) peculiar to the Set, are all entered on that same horizontal line. 

Thus each horizontal line of any of the Detailed Tables contains all the Data and 
Results of one 8eL 

18. Series. — All such Sets of serial Telocity-measurements on the 
same (yertical or transverse) line as were executed in sequence (Art. 12b) 
mider somewhat similar External Conditions, (especially as regards water- 
leyel,) were combined into one Series by being tabulated on the same 
Sheet, (see any of the Tables YII to LXX). 
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^A Bange of about *3 foot of wtter-Ievel is the maximnm that has been admitted]. 
Each Velocity Sab-colamn (CoL 6) of these Tables contains, therefore, the Rough 
Velocities at one point (as marked at the head of the sab-colamn) of the line in 
question, yiz. — 

i Veioeitiet past a vertieal. At a definite depth (s) on that yertical, 
ii. Velocities past a transvergaL At a definite distance ( ± y) from the centre, 
and the Means of these Snb-colamns (line v of the Tables) are the best measures of 
the AvBRAGB Velocities at the several points which the ever-varying state of the 
C^anal and of the Wind permitted to be obtained. 

[Thus in many of the Sbbib8, the Average Velocities at the foot of the Table are 
the Average of 16 Sets, i.e., of (16 X 3 =) 48 velocity-measorements. The limit of 
16 Sets was in fact chosen so as to make the Means depend on about 50 distinct 
trials, as proposed in Art. 10. In very many cases on the other hand, (especially at 
low water,) the ever-varying state of the Canal permitted of the accumulation of only 
a few Sets — sometimes only one — under nearly similar External Conditions]. 

Hence though individnal Sets may have been done nnder somewhat 

different '^ External Conditions ", the Ayerage of each Series is itself 

really a Set of Average Velocities obtained under the same Average 

External Conditions, and nearly freed from personal equation of the 

Obserrers, (in consequence of the frequent interchange of Obseryers, 

Art. 12b.) 

ISa. Order of Sets. — As the Series were originally formed during the pro- 
gress of the Experiments, the Sets intended to be combined were of course entered 
upon the Tabulation Sheet of the Series in order of date, i,e., in the order of exe- 
cution : but they have been re-arranged for publication partly by order of depth, so as 
to exhibit better the effect of change of depth upon the velocities. The work of 
each single day is entered commonly by order of execution, but the work of different 
days is arranged usually by order of depth : slight variations (such as '01 of a foot) 
of water-level being, however, disregarded. 

14. Set-Oombination. — It will be seen that the onli/ combination used 
has been that of Sets of similar work, under tolerably similar condi- 
tions, as follows : — 

1^ at the same* Site. 

2*, upon the same line (t. a, upon the same vertical, or same transversal). 

8*, at nearly the same water-level, (allowing a range of -^ of a foot). 

4^, with surface-slopes not very dissimilar, or with nearly equal mean velocities. 

[It would have been certainly desirable to combine only such Sets upon the same 

vertical or transversal as were effected under closely the same ** External Conditions", 

i.«., at nearly the same water-level, same surface-slope, and same state of wind. But 

the ever-varying states of the Canal and of the Wind rendered compliance with these 

* Exception, In one case an exception hM been made to this Rnle (of not combining Renilta 
from different Sites), viz.. Surface Velocity Ser. No. 60 at the Sol&ni Embankment Minor &>ites, which 
le made np of 6 Seta at the Upper, and 5 Seta at the Lower, Site. Thia combination was thoaght 
Jnatifiable on aocoont of the sinilarity of Average CroflS-Sectlona of theee two Sites, (Ch. Ill ,11). 



104 CHAP. VI.— UNSTEADY MOTION. 

oonditionB practically imathiiiiable, as far as the state of Wind and Surface-slope are 
concerned, and only approximately as regards the WaterrLeveL In fact, in order to 
obtain a large enoagh number of Sbtb (about 16)'-^at nearly the same water-level-^to 
yield fair measores of Avebagb Velocity, it was foand necessary to combine the 
Sets into Series, irrespecHvs of the ttate of the wind, and to some extent irretpec 
five of the turfaoe'Slope; the effect of change of surface-slope has been partially al- 
lowed for by not eombining any Sets in which the mean Felocities differ by a large 
amount, an effect which would certainly be caused by any considerable change of 
slope]. 

It is submitted that the Oombinations ased are far more fairly compar- 
able than the Combinations that haye been used in any Experiments on 
large bodies of water hitherto published. 

[The fact is that in Bxpertmentson large bodies of water, the uncertainty of the 
frequent recurrence of closely similar "External Conditions" is so great, that the 
time available for systematie Experiment has never sufiSced to accumulate any con- 
siderable quantity of Experiments under closely similar External Conditions, and it 
has in conseqaence been unfortunately necessary to combine Experiments even under 
very dissimilar External Conditions, in order to obtain some sort of Average Velo- 
dtiesl. 

14a. OomUnations in other Experiments. — The modes of combination 
actually used in the modem Experiments on large Rivers are briefly ex- 
plained helow. 

14b. Vertical Curves, — In the Mississippi, Connecticut, and Irrawaddi Experi- 
ments, the practice was to combine Sets on different verticals, and in all depths of 
water, irrespective also of state of surfacs'^lope and of wind. The combination was 
effected in some one of following ways : — 

1®, between actual velocities at actual depths, 

2^, between actual velocities at proportionate depths {e.g., at each tenth of depth,} 
SP, between relative velocities at proportionate depths ; 
the term *' relative velocity " being taken to mean the ratio of an actual velocity to 
some one principal velocity (,e.g,, to the mean velocity) taken as unit. 

Modes V 8t2P were used in the Mississippi Report (pp. 280, 282), and in the Irra- 
waddi Report (for 75, pp. 18, 19, & Tables, passim,) and Modes 2^ & 8® in the 
Connecticut Report (for 78, p. 818). 

[In the Mississippi Experiments the combination was frequently of Sets done even 
at different Sites, see Report, pp. 280, 232]. 

The legitimacy of these combinations depends of course on the (unproved) as- 
sumptions that the figure and size of the Average Velocity-Curve is the same t^ 
on all verticals, (even in different Sites,) and at all depths on those verticals, and 
under all changes of surface-slope and wind. That this is not generally true is 
abundantly shown in the Darcy-Bazin and in the present Experiments. A mere 
glance at the Diagrams of Average Vertical Velocity-Curves (PI. XII to XVIII) 
will show that these Curves differ not merely in size, bnt also in figure for different 
verticals, and even for the same vertical with different depths of water thereon« 
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14o* Trantverte Curoes.'^In the Missiasippi Report (p. 286) the only Trans- 
Terse Cnrve Btodied appears to have been that whose Base-Transvereal was at 5' 
depth, comprising, therefore, yelocitjr-meaBorements at 5^ depth from bank to bank. 

The practice appears (p. 236) to have been to combine all Sets whose mean yelo- 
cities lay between certain limits (between 1^ & 2^, 2^ & 8^, &&, per sec.) in all 
BtaUs 9f wateT'Uoel, and irrespective of the state of wind. The Average Velocities 
were formed as the Means of the Actual Velocities in Float-paths anywhere within 
the same 20<K division of the Base-Transversal (pp. 286, 226, 227). 

[No combinations of Transverse Carves appear to have been used in the Conneo- 
ticnt, Lake River, or Irrawaddi Reports : and none of either kind (vertical or trans- 
Terse) appear in the R^vy Report]. 

15. Average Velocity-Ourves. — The yelocity-measarements of any 
one 8bt (or of any one line of a Sbbibs) being only Bongh Averages 
(means of only 8 measnrements) giye— as might be expected^-when 
plotted, very irregular Carves, which may be termed Rouoh Curves, of 
no use for tracing geometrical properties. And if several sach Carves 
of same kind be plotted, they will be^nd to differ considerably in detail^ 
(even though under nearly similar External Conditions,) though agreeing 
in certain general features, viz., in such a way that if plotted on the same 
Base-Line, they appear to be inextricably* interlaced. This will be re- 
cognized to be a consequence of the Unsteady Motion, whereby only 
AvBBAOB Yblooitibs are fairly comparable. 

The means of the Velocity Bub-columns in each Sbbibs being the best 
measures of the Avbraob Yblooitibs practically attainable, the figure 
which results firom plotting them may be termed the Avbraob Yblooity- 
CuRVB, each Curve bemg particularized according to its Base-Line, t.^., 
ttther as- 
Vertical, Surface, Middepth, Bed, or Mean (Velodty-Ciurve). 

A glance at the delineations of these Curves — 

Vertical, PL XII to XVIII ; Sorface, PI. XXVI to XXVUI ; 
Middepth, and Bed, PI. XXIX ; Mean, XXXI to XU, 

will show that (when derived from a sufficient number of Sbts) they cer- 
tainly approximate to being tolerably regular curves, t.e., curves with 
tolerably regular changes of curvature, also that the regtdarity of figure 
increases generally as the number of Sets in a Series increase. 

[The number of Sbts used for each Curve is indicated in the Diagrams]. 
This leads to the Conclusion that it is a general law of flowing water 
tn a long uniform Beach with a Bed of regular contour, that-— 

• This wu fnll7 shown in Art. 80, 58, PI. Ill and Vn of the 1874-76 Report, q. v.: it has not 
been thought w<Hth while to repeat the disciuBion hare, 

P 
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*< The Average Velocity-CaireB are pretty regular cimres, and are generallj ereij- 
where conTez down-staream, (except where modified by oertala cansee disecuBed 

hereafter,)" — (18)» 

and that the departares from this regularity in the actual drawings are 

due partly — 

V*, to the insnfficiency of the nnmber of velocity-meaaaremeiitB for yielding fair 

valnee of the Ayerage-Velocitiee. 
2^, to the irregalarity of contour of the bed and banks at the Site, and also to 
irregnlarity of the channel abore and below the Site. 
As to V*t want of time and opportunity prevented in many cases— especially at low 
water— Becuiing the fnll nnmber 16 Sbtb fixed on as desirable for a Sebibb. Thns 
some of the Series consist of only one or two Sets, 
Vortical Curves* Ser. 10, PI. XIII. 
Swfaee Curoet, Ser. 55, 59, PI. XXVI, XXVII ; 
MiiMepth Curvet, Ser. 62, PI. XXIX. 

Mean Velocity Curvet, Ser. 113, 115, 124 to 127, 131 to 139, 158, 164, 168, 191, 
191, 194, 195, 197, PL XXXU— XXXVIL 

Most of these Curres are — as might be expected— very irregnlar. They are ia fact 
drawn only to exhibit prominently the irregularity of figure inherent in the use of a 
▼ery limited number of measurements (8 to 6} for each yelocity-oidinate. 

Again, as to 2®, the irregularities of curvature due to these causes are yerr marked in 
the case of the Transverse Velodty-Cnrves ; these will be fully discussed in Ch. X VII]i. 

It appears then that for the purposes of any useful diaoussion of tba 
figure of the Velocity-Curves — 

** Curves derived from numerous Sets of data are entitled to more weight than 

those depending on only a few Sets ", (14), 

16, fiischarge-measorementy Fair Averagb. — ^The various Dis- 
charges computed in the sequel, yiz., 

1*, Dischaige past a vertical; 2®, Discharge past a Transversal ; 

8®, Cubic Discharge, 

have been computed separately for each line of the Detailed Tables, t. e., 
for each Set of Field-work, and, therefore, depend only upon what have 
been styled Rough Velocity-measurements. 8uch single Discharge-mea- 
surements, being Results of single Sets, cannot be expected to be good 
Averages, but must be looked on as Fair Avbeaqe values. 

These Fair Averaqrs are, however, much nearer approximations to the 
true Average values than is likely to be the case with the primary velo- 
city-measurements on which they depend, inasmuch as— these being 
taken at random at all phases of their variation— -a sort of compensation 
ensues in the Discharge computed from them all. 

* Only one meh caae bM been plotted for the Vertioal Corfei. Twrtancei might of ooone have 
been mnltiiKUed, bnt It wm not thought worth while. 
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(fittthecMsof DkchorgiMplntalYftaBTaRilAMid Ctkbic Diitefaitagos tftt Telodty- 
measaremente were effected (in the wide channels) in from 15 to 19 distinct Fioat- 
Conraes, so that these Discharges depend on about (from 3 x 15 to 3 x 19) 50 
Telocity-measurements ; so that sach Discharge-measarements, and their correspond' 
ing Mean Velocities, are probably fair approximations to Average yalues]. 

Similar remarks ap^ly to all the Mean Velocities compnted from these 

Discharges in this work, whether— 

1", Mean Velocity past a Vertical ; or 2^, past a TransTersal ; 
or 3^, Mean (Sectional) Velocity. 

A glance at the lines (marked ^) of " Ranges " of the velocities 
thronghont the Detailed Tables will show in fact at once that, as a gen- 
eral finle, 

" The Range of the Mean Velocity-measnrement < Range of the detailed Velo- 
city-Measurements ", M.. ^ - (15). 

[Farther evidence will appear in CSiap. XXI on Discharge- Verification]. 

17. dtream-liaeB interlace) (Art. 3d, also Gb. IV, 21}.— The great 
irregularity of the paths of snocessive Floats is a proof positive that 
the stream-lines interlace freely in a horizontal plane. 

Experiments with Floats are not suited to showing the fact of ver- 
tical interlacing. Bat this is readily observed in a slightly silt-laden 
stream wherever eddies exist : cloads of silt can be seen boiling np from 
the bottom, rolling over^ and plunging wildly in all directions. It might 
be supposed that this was a condition attending the existence of eddies. 
It has, however, been shown* by direct Experiment in straight reaches 
of two pretty uniform canals, that there is a continual transfer of water 
from the bed towards the surface even in water in apparently iranqwl 
motum ; this of course involves a continual transfer from the surface to- 
wards the bed. 

[The Experiments consisted in discharging a few cnbic feet ot whitewash into the 
canal near the level of the bed from a pipe leading ont of a reservoir in a boat 
moored at mid-channel, the lower orifice of the pipe being abont 5' above the bed]. 

It is considered then to be proved that— • 

*n« stream-lines of water apparently in tranqnil motion interlace freely in 
all directions '% • k •-(16), 

from which it follows that the ordinary hypothesis, on which most of the 

common hydraulio formulad are based, of a state of flow in parallel 

straight lines is a condition having no phyeical exietence in large Open 

Channels. 

* Bee "Tnms. of Amftn. Sooy . of Civ. Bngn.**, Vol. VII of '78, No. CLX, " On the Caoae of the 
Jiaiimom Vdodty of Water flowing in Open Channels bdng below the Snrfsoe", by J. B. nancit. 
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18. Average Steady Motion^— Notwithstanding the great Tariabil- 
ity of the motion in detail, the " Ayerage Velocity " at a point is pro- 
bably a constant quantity, that is to say — 

*< There is Ayerage Steady Motion *\ (17). 

The evidence on this point is indirect. The pretty close agreement of 

the means of Half Sbts of yelocity-measarements (see Art. 10) done in 

immediate succession shows that*- 

<< The Average Velocity at a point is probably constant (nnder similar External 
Conditions)" (17o). 

The irregularity noticed (Art. 15) of Velocity-Curves plotted from 
single velocity-measurements, and the greater regularity of those plotted 
from repeated measurements — a regularity increasing with the number 
of repetitions — ^point to the same Conclusion. 

Again, irregular as is the path of each single Float, and although 
Floats started in rapid succession move in very different paths, still the 
*^ average path '* in a long straight reach seems to be pretty constant, t.«., 
parallel to the so-called current-axis. 

All these facts together tend to prove the truth of the above Result 
(17), and it would seem, therefore, that Avbraqe Vblooitiss are inter- 
comparable as if there tioere Steady Motion, 

[This comes out also very clearly in Experiment ii of Ch. 17, 28b, on a series of 
48 Surface-Floats timed through two 25', a 50' and a 100' Run : although individual 
Floats differ a good deal in the different Runs, the means of the i8 Floats agree ex- 
tremely closely over all four Runs]. 

19. Wind-motion, Analogy. — Any one watching a common wind-vane 
cannot fail to remark how incessantly it sways about — sometimes sud- 
denly shifting through 90^ and back — thus showing great variability of 
direction. 

A similar variation in intensity may be noticed either by watching the 
incessant rising and falling of a pennon flnttering in the wind ; or again 
by simply listening to the wind, the sound of which is notoriously ever- 
varying. The same thing will be noticed in watching an anemometer : 
the vanes will be seen sometimes to spin rapidly round for a brief space, 
then slowly, anonr fly round awhile. 

Thus the motion of wind is — by common observation — ever very 

variable, or is technically very Ukstbadt. And yet there is a certain 

' average direction, and average velocity — if observed for some seconds-— 

which are commonly termed the Direction, and the Velocity of the wind 

at the time. 
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The analogy with the motion of water in a confined channel is of 
ooaree far from perfect : still the characteristic of Uhstbady Motioh is 
common to both. In the case of wind it is familiar^ while in that of 
water it is only not so obyions. 

20. Effect oh Thbobt. — ^The Condosion (4) that Unsteady Motion 
is a fimdamental property of water in motion in Open Channels is 
of great importance in attempting to form a rational Theory of fluid 
motion, and enormonsly increases the difficnlty of it. Ko Theory in 
which this is not indaded as a fundamental property can have much 

hope of success. 

The attempt has been made in M. BonsBineaq's large Work <* Essai sor U Th^orie 
dee Eanx Oonrantes", by making allowanoe for the effects of the Unsteadinefls in 
forming the ^ Equations of Motion *\ as below explained, (pp. 6, 7, op* eit,^ 

** It is necessary then,— if we wish that Hydranlics should no longer be (as M. de 
Staint Venant pnts it) a hopeletM eHigma^^l^, to regard the real velocities at points 
within a floid in motion as rapidly or even abmptly changing from point to point ; 
capable in fact, of producing frictions of an order of magnitude quite different to the 
case of oontinaous motion ; 2^, to make the mean actions ezerdsed across a fixed 
plane element depend not only on the local average veloeitietf or rather on their first 
differentials which measure the mean relatiye slidings of the fiuid strata, but also at 
each point on the intensity of the whirling action there obtaining ; 8^ to seek, there- 
fore, the causes on which the whirling action might depend at different points of a 
section, and to make the co-efficient of internal friction yary with them ; to choose 
finally for equations of motion, not the relations which express at a given mcmient the 
dynamic equilibrium of the different fluid volume-elements, but the means of these 
relations during a pretty short interval, or what might be called the Equations 
of mean dynamic equilibrium of the fluid particles which suooessively pass any 
one point ". 

It is on some such bases as these, yiz., nse of Aybbaob Yblooitibs, and 
of AvBBAOB Steady Motion, that a rational Theory must be founded. 
Unfortunately the ordinary formnliB of Hydranlics are based on the hy- 
pothesis of a Steady Motion which has in fact no existence. 



Addendum to Art, 14b. 



In the Lake Biver Experiments Sbts on different verticals and in all depths qf 
water were combined by Rule Na 1*, (tee Lake River Report of 1870^ pp. 570 & 
574—598). 



CHAPTEE VII. 

SVKFAGE.SLOPE. 

Pf</toM.»lUf Chapter contofaw » Aetilled UmBAi^Um of the mode of mennremeut of Snrfiwe- 
filopeiAvl. •— 4»),«C SwCiee-FaU In long stntahei (IrL 9, 9«), uid of ifcate of Control (Ait. 10>-ISg), 
with ft detailed dlsenadon of the Resolte (Art. A-7ft, 14—17). The Articles oontaining the Concln- 
•loni (Art. Sa, Sh, te, 6a, 7a, lOo, 11a, l^—Uo, I9e, 17) axe the most interesting. 

1. Bed-Slope. — The elope of the bed of an open channel is perhaps 
the most important of the prmmry dtcumtfUmce^ affecting the flow of 
water through the ehtmnel. 

Uniform Bed-Slope, — In a channel with uniform bed-slopCi and bed 
not liable to erosion^ the term Bed-Slope has an obvious definite meaning. 

Irre§uhr JM.*^BQt in a chaimel with an irregular bed, or a bed which is 
Bible to erosion and to sitting, the best meaning to ascribe to the term 
is by no means so obvious. The accidental irregularities of the bed are 
frequently ao great, that in any short distance there may be no fall but 
ttctoaUy a riae, {see PL I, <& lY to VI.) In such a case, the Local Bed- 
Slope would seem to be a quantity of little practical interest ; and the 
AvBBAes Bbd-8lopb (through a long distance) must be considered in- 
stead. In aohamnel like the Oanges Canal, the bed of which is perma^ 
neatlff defined at short intervals by the masonry floorings of frequent 
Bridges and Falls, the best meaning to ascribe to this term would seem 
to be as follows : — 

« 3 at Tf^ of Bed between two adjaeetit pennafieat flooritiss ,, ^ 
Avenge Bed-Slope « Dirtuce between thoie floorings ' <^>- 

This is of course a constant definite quantity for the Reach between 
any two adjacent floorings. 

Obstructed Falls.— The presence of " Obstructed Falls ", t.e., Falls 
with crests raised above the general Bed— 4he common type on the 
Ganges Oenal — ^introduces, however, a spedal difficulty as to how to 
i^ply the term in the neighborhood oj such Falls. 

8. Surface-Sloped — The Burfaob-Slopb in an open channel is per- 
haps the most important of the Extibnal Ck>«Dinovs(Gh. 1, 18) which 
determine the velocity. 
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It is oonyenieni to employ the following termg :— 

A ,«« * «- a,T.« A «- a, /^*- ^«ll <^ gnrface between any two points .^x 

Distance between thoee points 
Local SunFACifi-SLOFB = Average Stix£ace-Slope t» a v«ry short dutanee^ (8) 

The laUer quantity — the Local Sar£aoe-81ope — is tlie moat important 
for Thboby, and is the one reqnired (in strictness) in cUlformukB inTolr- 
ing sarface-sl(^. But the former, the Aybbaqb Bubfaob-Slopb, is 
the only one admitting of direct experimental determination. 

Subfaob-Qbadibnt. — This term will be used to denote either Fall 
or Slope of water-surface in a general sense where precision ia not re- 
quired, 

2a. Slope-PointSy Slope-Length.— From the definitions it is se^ th«t 
Surface-Slope measurement depends on the accurate determination of the 
Surface-Fall between two points in a line parallel, if possible, to the Cur- 
rent-axis. It will be conyenient £or shortnesa to denote the two points 
in question by the name Slopb-Points, and the distance between them by 
the name Slofb-Lbnqth. 

Further, it is clear that the Surface-Fail should be so measured that the 
Result, which is of course an Average Surface-Slope, should approximate 
as closely as possible to the Local Surface-Slope. This iavolyes that — 

"The Slope-Length should be the shortest compatible with accoracj in estimat- 
ing the Sprface-Fall", ................(4). 

The Field-work of the Surface-Fall measurement usually resolves itself 
into finding the difference of level between each of the two Slofb-Poihtb 
and two masonry bench-marks on the banks at a short distanoe from- them: 
the difference of level of these latter having been accurately determined 
once for all. Thus the sole regular Field- operation is ultimately^ 

'* The accorate determination of the Water-Level at the two Slope-Points *\ 
the manner of doing which has been fully described in Gh. Y, 8 — 9. 

In actual practice, the two Slopb-Points are always necessarily two 
points in the water-surface close to the banks, the practical determinationi 
of the water-level at points distant from the banks being one of great 
diflBculty, {see Ch. VIII, 8b.) 

2b. Delicacy of the work, — The Surface-slope of all large bodies of 
water in motion in earthen channels in a plain country is for the most part 
(t.«., except near rapids, falls, &c.)such a minute quantity, as to require the 
greatest delicacy of observation to determine it at all accurately. The 
oscillations of the free water-level— noticed in Ch. Y, 5— are a serious 
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difficulty in the way, necessitating the use of a far greater Slope-length 
than wonld be otherwise necessary, so that — 

'*The Slope-Leo gth should be socb as to yield a Snrf ace-Fall greatly exceeding 
the ordinary oecillation of the free level ", (5). 

This condition is of coarse inconsistent with (4) above, and a compro- 
mise mnst be made. 

[Thus in these Experiments there were associated with each Experimental Site, a 
pair of Slopk-Points on each bank, one at 1000' above, and one at* 1000' below 
the centre section of the Site, giving, therefore, a standard* Slope-Length of 2000' 
on each bank]. 

To meet the difficulty of the rapid oscillations of the Surface at all 
Slope-points in the free channel, and which, though subdued, are not 
wholly lost in the so-called " still water pools ", and also to meet the 
difficulty of possible gentle oscillations of long period, (which, therefore, 
commonly escape notice,) it seems further essential that — 

** The water-levels at the two Slope-points should be determined Mtmuitameoutlif 

by two Observers", ....•••(6). 

In order also that the resulting Surface- Slope may tolerably represent 
the Surface- Slope at the centre crose-eection of the Experimental Site, it 
seems further essential that — 

" The Slope-points shonld be equidutant from the centre section of the Ex- 
perimental Site, and the channel should be tymmetrical — ^both geometrically and 
physically— about that section throughout the Slope-length, and for some distance 
above and below the Slope-points" ^ .-. (7). 

And it is of course obyious that— 

'*The two Slope*point8 should (unless still water pools can be arranged) be 
dtnate at such parts of the banks as are nearly free from eddies and backwaters, 
and where the motion of the water is as quiet and equable as possible ", ........ (8). 

Inasmuch as water-leyel is also slightly affected by velocity {eu Ch. 

y, 2, 8), it wonld seem farther necessary that — 

^ The Slope-points should be so situate that, the surface-velocities past them are 

nearly equal ", (8a). 

[Strict compliance with this last Condition is not attainable with any certainty in 
practical work ; it can only be approximated to somewhat roughlyl. 

[The important conditions Noe. (7), (8) vren/ulJUUd to a high degree in the case of 
the principal Experimental Sites, viz., the Solinf Embankment and both SoUnf Aque- 
duct Sites, in consequence of the great uniformity of the banks throughout the whole 
length, 2f miles, of the SoUnf Embankment (for Cross-Section, see ¥\, 11) ; and to 
aa great an extent as is possible in earthen channels, (the banks of which are always 
somewhat irregular,) at all ihe other important 6iiet except the Belra Site : the Belra 

* By m ovenlgbt the lownr length was net ont lOSO' nt the Kamh^ni Site, thns giving a Slope- 
leagth of tow tbereat. This does not sensibly affect any of the llesolts. 
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Bridge onfoftimately fell wiUiin the apper Half Slop^lengtb (at this Site), and may 
poesibly have made the aarface-Blopes observed at Behna somewhat abnonnal]. 

2o- Other Etperiments.'^Aa to the exceedingly delicate nature of such work, the 
neceasiiy of simnltaneoos observation at the two Slope-Points, and the piecantions 
taken by others, tee 

1^ Mi$e. Report, pp. 802, 803, 814 ; also Ahhofe Gauging of JRhers, pp. 812, 813. 
2^, Lake River Report of 70, pp. 668, 570 ; Cowneetieut Report of 78, p. 850. 
8", Rivy EepU., pp. 72, 122, 144 ; Irrawaddi Report of 79, p. 135, et teq. 

In the Mississippi and Lake River Reports, the observations at the two Slope- 
Fdints are distinctly stated to have been timuitaneoue. The absence of soch statement 
in the other Reports makes their published Sarf aoe-Slope measurements less valuable. 

2d. Field-work. — The actual Field-practice for Surface-Slope 

measurement was as follows :^ 

The two Observers started at the same time from the Experimental Site so as to 
arrive at the Slope-points at opposite ends of the Slop^length nearly at the same 
time. On arrival at the Slope-points (2000' apart) they sigmaiied to each others and 
then both knelt down at once on the bank near the water's edge, and took the water- 
level at the two Slope-points as explained in Ch. V, 7, by applying the thin brass 
JPoot-Rules upon the (permanent or temporary) Bench-mark just below the water- 
surface, marking with a pencil on the face of the Bale the ^ highest maximum " 
and '* lowest minimum'* water-level which occurred within the tame short space of 
tme, say about half a minute, (so that the two water-level determinations were as 
nearly as possible simultaneous,) and also the distinctive number of the Bench-mark 
used. 

On return to the Experimental Site, the marked numbers were always at once 
entered in the Field-Book : and to prevent risk of mistakes (in reading the gradua- 
tions of the Rules), both Observers examined each Rule, and were heidjointiy respon^ 
sible for the correctness of reading the graduations. 

[The only downright '* mistake " likely to elude subsequent detection seems to be 
the accidental misplacing of the Foot-Rule upside down on the permanent or tempor- 
ary Bench-mark, which would involve reading •€ for -4, •! for '8, and so on. This 
mistake may possibly have occurred ooeasionally at the Sites in the Boorkee Reach, 
(and may perhaps be the cause of certain anomalous Results at these Sites) : bnt it 
cannot possibly have occurred in any of the work done at the other Sites, because the 
Rules were purposely cut (at the top) before any Field-work was done out of the 
Boorkee Reach, so as to remove any chance of this mistake. 

A ** mistake ** in marking on the Rule at the time of use the proper number of the 
(permanent or temporary) Bench-mark used would have led to a change of the deduced 
Surface-Fall of at least 9", which would be at once recognized as an incorrect result 
on working out in ofiBce]. 

2e. Surfags*Slops entribs.— The Surface-Slope obtained as above is obvi- 
onsly — 

8 = (Surface-Fall in 2000*) -^ 2000' (9). 

The Results are always very small, never exceeding *000480 in this Work, and, 
therefore, always containing at least 3 (atttl sometimes 4) ciphers before the first sig- 

Q 
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niOcant figaie. To save space in printing, only the kut three figurti are entered in 
the Sab-oolnmn of « Local Slope " (S), (e.^r., Col. 3 of Tab. VH to LV, and GoL 6 of 
Tab. LVm to LXIX, &c), 

These entries can, therefore, obyionslj be read in two ways : thns take the entiy 
815 in the Sab-colanm of S : this may be read— 

Surface-Fall in 1000' = '315 feet (the decimal point being prefixed by the reader). 
Ayerage Sarfaoe-Slope S = '000815, (8 decimals being prefixed by the reader.) 

As to the mode of repeating entries by commas ( „ ), see Vol. IT, Art 6 of Intro- 
daction. 

3« Wator-Ievel.--The water-leyel was determined at all the Slope-Poihts 
used in these Experiments by the " Temporary Free Gange " Methods described in 
Gh. V, 7, q.v,\ the arrangement was in all the cases snch that the Ayerage Water- 
Level as defined in Ch. V, 5, (yiz., the mean of the '* highest maximom " and 
^ lowest minimum " within a short space of time (say abont half a minnte) admitted 
of very accurate detemUnationy (except in a high wind.) 

The actnal mode of taking the water-leyel at the Slope-Points of each Experi- 
mental Site is shown below. 



Bite. 



BLOPB-Pourrs. 



Banks. 



PodUon. 



Mode of taUng water-]0v«l. 



Bank 
most 
Qflod. 



15tfa MUe 



Ue I 



New Site, 
Old Site, 
S (Embankment, 

g I rlCalnSlteJ 

^ <Left Aqnedact, .. 
£ (Right Aqnedact, 



Behra, .. 
Jaolf, •• 
Kamhera, 



• • 



• . 



Both 
Left 
Both 
Left 
Bight 
Both 
Left 
Right 
Both 



In free channel 



I* » 

ft n 

n n 

In Still pool 

In free channel 
In still pool 



As for earthen channels, Ch, V, 7c, 

99 M >f » 

As for Sol&nf Embankt, Ch. y,7b, 



» M N >» 

As for earthen channels, Ch. V, 7c, 
As for SoUni Embankt, Ch. V, 7b, 
As for earthen channels, Ch. V, 7c, 



»> 



99 



n 



Both 

Left 

Left 

Left 

Right 

Both 

Both 

Both 



SoUnf Embankment, 

rMiaor SltM] 

Distribntaries, 



No slope-measnrements taken. 
No slope-measnrements taken. 



4. Levelling^*— 'Prom the smallness of the quantity (Snrface-Slope) to be found, 
the utmost possible accuracy is required in the leyelling operations for determining 
the differences of leyel between the permanent masonry Bench-Marks at the 4 Slope- 
points, and also between these and the series of ** Temporary Bench-Marks" used 
(Ch. V, 7) for determining the water-leyeL 

The whole of the more important leyelling oyer long distances, yis.— 
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1®, connecting Bench-ma^ at different Experimental Sites not rerj far apart, 

as in the Boorkee Beach ; 
2^, connecting the masonry Bench-marks at the Slope-points 2000' apart with 
each other and with the Experimental Site Ganges ; 
was done with an excellent 20r Tronghton Level mth the utmott oare, at least twice 
orer, once by one Observer, and once by a second Obsenrer. In the case of the 4 
Slope-points associated with each Experimental Site, a complete ehrextit of levels (em- 
bracing the 4 points) was also invariably made by each Observer ; so that each Ob- 
server's levelling checked itself. In the case of discrepancies exceeding -01 of a foot 
in the drcnit, the levelling was repeated. 

4a« Connection of opposite banki, — ^These were invariably connected by the fol- 
lowing process which eliminates all errors of adjnstment of the Instmment, and also 
the effects of cnrvatnre and refraction at same timCi 

Supposing A, B (PL XX, 6) two Bench-Biarks, the difference of level between 
which is to be accurately determined, and that being on opposite banks of a canal 
(or from any other cause), it is impossible to place a Level between them. Two equal 
distances Ao, B& are to be laid out from A, B respectively in such directions that 
the triangle AaB, BbA on same base AB may be similar and equal to each other, 
but oppositely situate. The same Level is to be set up at both points a, b in turn, 
and readings tekenjrom both upon a single Levelling Staff set up (on both occasions) 
at both points A, B : the Level-Stand should be approximately rimilarly placed with 
respect to the base line AB on both occasions. 

The difference of level of the Bench-marks will thus have been twice found ; once 
with the Level at a, and once with the Level at b. The two Results will be equal, and 
will be the true difference if the Instmment be in perfect adjustment, but not other- 
wise : but the arithmetic mean of the Results will be the true difference of level 
(independently of all errors* of adjustment of the Instrument, and freed from effects 
of curvature and refraction). 
[This will be sufficiently obvious from the reflection that— 
1^, each point A, B has been observed once with the same long focus, once with 

the same short focus. 
2", the angular movement of the Instrument is the same at both points a, 6]. 

5. Slope-Lengthi Exfbbimbnts.-^A few (12) Experiments were 
made (at the SolAif Sites) in 1876 on the effects of nsing different 
Slope-Lengths, by taking water-leyels at four Slope-points on the same 
bank, viz.— 

At 2000' and 1000' above, and also at 1000' and 2000' below an ExperL Site, 
thus giving two Slope-Lengths of 2000' and 4000' respectiyely, symmet" 
ricaUy situate about the centre of the Site. These fulfilled in a high 
degree the conditions (7), (8) faTorable for Slope-measurement. The 

Details are given in Tab. LXXIX. 
The Table shows the Surface-Fall in each lOOy length separately, and the resulting 

* This was verifled by the author with an Instmment pnxposely thrown ezoessively ont of ad- 
jostmeot. 
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Swrfaee^Slopes (3 docimals •000 to b« mppUed by the reader) in the 2000^ and 4000' 
Slope-Lengths. 

The Experiments (U in nnmber) at the Solanf Bight Aqnedact Site are yalnable, 
as coyering a wide fiange of the Gange (lO'-O to 4'-dX and done in calm or nearly 
calm air. 

[For perfect oomparability, tlie water-levels ^honld— to meet the difficulty of the 
oscillations— have been taken simnltaneoosly at all four Slope-Points. This was, 
however, impossible with the available Staff of only two Observers ; so that a com- 
promise was made by taking the foatet'-leveU concerned la each indimdual SUtpe- 
measurement, ue.f at the two ends of either Slope-Length strictly $$muUamcctulif,m} 
as to make each Sorface-Slope measorement good in itself (cee (6) above). Thns the 
water-levels at the Slope-Points of the 4000^ Slope-Length were taken abont 5 minntes 
later than those at the Slope-Points of the 2000^ Slope-Length, (this beiDg abont the 
time occupied by the Observers to walk from the latter Slope-Points to the former.) 
The Surface-Slopes in the 4000' Sl<^-Lengths, may, therefore, be said to have been 
measured about 5 minntes later than those in the 2000' Slope-Lengths]. 

6a. Conclusions.^-'lt will be seen (see Table) ihat the Sarface-Falls 
in the four 1000' spaces differ by qnantities greatly exceeding the pro- 
bable errors of the work, and that the Surface-Slopes deduced from the 
2000' and 4000' Slope-Lengths also differ in consequence ooutiderablyy 

and pretty steadily in the same direction. This shows that — 

** Non-simultaneous Average Surface-Slope measurements dednced from differ- 
ent Slope-Lengths (even when symmetrically situate about a common central line) 
are liable to differ considerably, (even when not differing by more than 6 minntes* 
interval), (10), 

and confirms the preceding Results (4), (5) that to obtain Local Surface- 
Slope, the Slope-Lengths must be the shortest compatible with accuracy 
in estimating the Surface-Fall. Result (10), howeyer, seems to preclude 
the hope of obtaining true Local Surface^Slope measurements with any 
certainty, so that the following procedure seems absolutely essential— 

** To render Surface-Slope measurements in any way fair^ comparable, the same 
Slope-Length should always be used at any one Site**, (11), 

and it would probably be better to use the same Slope-Length for all Sites. 

6. Surf ace-Slopes at both Banks. — Li a few cases in the Roorkee 

Reach, and on nearly every occasion of Discharge-measurement in the 

Belra, Jaoli, and Eamhera Reaches, Surface-Slope measurements were 

made on both hanks, as follows :— 

Iff, Field-work of Slope-measmement on Left Bank. 

2ndj Field-work of Discharge-measurement, &e., (occupying 2 to $ hoorSi) 

8rdf Field-work of Slope^measnrement on Bight Bank. 
Thus the Field-work of the Slope-measurements on opposite Banks fwu geparated 
by 2 or S hours' iMtsrvoL The following is an Abstract of the Besults, the details of 
which will be found in Sub-Column S of the Tables and Series quoted. The state 
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of the wind at thethne of tbe Slope^mouMireineiitoii eLtiierlwok is alBOgiTenm 
the Tables qnoted. 



SITIC. 



Xabla. 



Soriallio* 






Highest Diacrepanoj 

of Slopes 

fof oppodlo teikiX 



L>B 



&>L 



AUireviatioBii 



15th Mile, New, 
Solanf Embankt Main, 
SoUnfTwinAqnedacts, 
Belra, •• 
Jaoli, .. 
Kaoiberay 



• • 



XLIX 
LXXZ 
LXXX 

L,LI 

LIV.LV 



196,197 

1S8,1S9 

106,101 
us; 106 

201-206 
211-217 
221-225 



1 



8 
15 
15 
49 
49 
50 



•• 



47 in 265 
82 in 225 
24 In 208 
28 in 158 
89 in 801 



I 25 in 238 
41 in 256 
10 in 200 

150 in 880 
17 in 155 
14 in 808 



Ii> Rueuu 

Left Bank Slope 

greater than Right 



J 



B>LnM 
Right Bank Slope 
greatflr than Left 
Bank Slope. 



The nnmber of Experiments reported aboTe is very large (181) : it is 

nnfortanate of course for the purpose in hand that the measurements on 

opposite banks were separated by the long interval of 2 or 8 hours. Two 

additional Experiments are, however, avidlahle more favorable for the 

purpose, the measurements on the right bank having beeo done within 

three minutes of those on the left bank. The DetaOs are given in Tab. 

LXXXI, J. V. 

[SimnltaneoQS work was impoanUe with the Staff (2 Obserfers) aTailahle : the 
interral of 8 minntes Ib simplj the time taken for the Obsenneia to eroas from le£t to 
right bankj. 

Al CcmchaicmB. — From all this evidence, it is dear that — 

** Non-simnltaneooB Meaanrementa of the Local Sarface-Slope of opposite banks 
(at aame Site) are liable to be veiy nneqnal, even when not separated by more than 

8 or 8 minntes' interval ",«...••••••«••••••••»—.••••••••••••• ••••••••••••••mm ••^••••••(12/« 

It may also be inferred as wry probabk (from the above^ and from the 

general Unsteady state of motion of the water) that-— 

''The real Surface-Slopes of opposite Banks are not generally equal", (18). 

Other Hxperimenti, The same (Conclusion (as to inequality of the Surface-Slope 
on oppoidte banks) appears from Experiments on many Rivers as follows : — 
Rhine Commission, '67, 4 cases, 1 qnoted at pp. 524, 528 of Van Noe- 

Elbe Experiments, '72^'74, 1 case, J trend's Maga., Vol. XVI of '77. 
Lake Riyer Report, '70, 9 cases, Report of 1870, pp. 569, 570. 
It is not quite deaf from the descriptions of any of the aboye (given in the Works 
qnoted) whether the water-level determinations at aU the four Slope-Points concerned 
in each pair of Slope-measurements (one for each bank) were simultaneous or not. 

From these Besnlts two practical Conclusiona may be drawn-- 
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<* The Local Snrl-Slope should be dednced from measnrements oji both hanh^\(l4y, 

** The measurements on opposite banks shonld be nmulianeous*', (15), 

[It may be objected that neither of these Ck>nditions have been falfilled in Che 
present Experiments. This forms of course a real objection to these Slope-measnro- 
ments. All that can be said is that the Results are the best that conld be readily 
got nnder the circnmstances. Mnch of the work in the Boorkee Reach had already 
been executed with Slope-measurements on one bank only before the desirability 
of taking the measurements on both banks was fully recognized. 

It was then thought better to adhere to the old system for all the syttematic work 
at the older Sites (Fifteenth Mile Old Site, Sol&nf Embankment Main Site, and Twin 
SoUni Aqueducts) for the sake of preserving the comparability of the old and new 
work thereat Again, simultaneity of the Slope-Measurements on opposite banka 
was a practical impossibility with the available Staff : (it would have required four 
Observers instead of two at each Site]. 

7. Snrface-Slope at different Sites. — ^Whilst the simultaneow Dis- 
cliarge-Measarements (in the Koorkee Reach) detailed in Chap. XXI were 
in progress, the opportunity was taken of having the Slope-measnrementB 
connected therewith effected simultaneously (for each bank separately) at 
each Site. Great attention was paid to the simnltaneity of the water-level 
determinations at the several Slope-points, thus-* 

Field'worh^ The whole of the Observers knelt down over the water's edge at their 
several Slope-points (along one bank) at eame time as communicated by signal, and 
registered the highest and lowest water-level occurring thereat within say the next 
half minute. Thus the Average Free Level at all the Slope-points (of one Bank) was 
obtained in about the same half minute. The communication by signal between the 
Fifteenth Mile and SoUni Sites (the banks of which are not visible &om one another) 
was done from the centre of Mahewar Bridge {tee PI. J). The two Sol&nf Sites are 
freely visible from one another, so that communication by signal was easy. 

The Results are shown in Tab. LXXXII with certain additional data. 

The arrangement of this Table is as follows :— 

Each line shows a Sbt of various data collected at about the same time at each of the 
Sites noted. In every case the Slope-measurements in the same line are strietljf 
eimuUaneoua (as above described). The remaining data of each line, viz., Gauge- 
Reading and Wind at each Site are only very roughly so, but near enough for the 
present purpose. 

The Qauge-Readings are given here merely to show that the Experiments in 
question cover a tolerable range of water-level (1^*35, 2^47, 2'48 at the 3 Sites) 
sufficient to admit of drawing general Conclusions. The entry of "Variation 
of Gauge" shows the variation of the water-level at each Site during the period 
(2 to 4 hours) occupied by the Discharge-Measurement corresponding : this quantity 
gives a measure of the unsteadiness of the water. The state of the Wind is given merely 
as an indication of the varying difficulty of determining the water-level at each Site. 

[The Gauge-Readings given are those taken about the time of the several Slope- 
measurements, i.^., either jutt before or juet after the several Discharge-Measure- 
ments coiresponding, and therefore do not agree exactly with those given (for the 
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^odty-work)* in the general Tables. The Wind entries of same Hne'also will seldom 
«gree, being non-BjnchronoiiB measnrementsof Wind at Sites with different exposarel* 

7a. Conclusions, — It may be at once inferred from these Results (as 
might indeed have been foreseen) that— 

^The Local Snr£ace*Slope differs at the same instant at different parts of the 
same Beach 'V - • (16> 

Again, from the occasional marked differences in the change of water- 
IcTel at the different Sites, the existence of long waves may be suspected, 
though of course the want of simultaneity of the Gauge-Readings on 
which these differences depend throws some uncertainty on this. 

8. Surface-Slope Record. — Arrangements for Surface-Slope measure- 
ment, in concert with Discharge-measurements, were made early in 1876, 
with the primary object of comparing the two independent values of the 

Mean Velocity derived from the formulie — 

V = Discharge-^ Area, t.e.,D -2- A, and V = 100 . V RS, (17). 

8a« Slope Reeord imperfeet'-^The Sarface-Slope Measnrements were at first 
done only wJun the air wat quite calm ; it being supposed that the delicacy of the 
observation was snch that it was nseless unless done in calm air. The nnmber of 
opportunities of perfectly calm air were, however, found to be so few, that after a time 
(from November 1877) the Surface-Slope measurement was made in general at least 
once a day whenever the Discharge was taken, recording the state qf the Wind at 
the same time. 

[Thus the record of Snrfaoe«Slopes accompanying Discharge-Measurements is im« 
perfect in all the early yean 1875-1877 as shown below. 



8ITI. 



DISGHASOB- 

MBlSUaB- 

MSNTS. 



BLOPl-MlAStTBBafBBTS. 



Left 
Buk. 



Blgbt 
B«ik. 



Both 



Standard 
Bank. 



{New Site, ... 
Old Site, ... 



( Embankment Maip, 



••• 



.•• 



••. 



Ir 



I 

OQ I Left Aqueduct, 
Bight Aqueduct, 
^ y, ^ Left Aqned. cloiedt 

Belra, ... 

Jaolf, 

Kamhera, 



... ..a 



••• ••• ••* ••• 



•I. ... 



1878-79 


4 


4 


8 


3 


1878 


13 


12 








1876-79 


153 


92 


15 


15 


1875-79 
1876-79 


45 

174 


15 






78 


15 


1876-78 


12 





10 





1879 


53 


50 


49 


49 


1879 


55 


51 


49 


49 


1879 


56 


50 


50 


50 



Both 
Left 
Left 
Left 
Right 
Right 
Both 
Both 
Both 



• those being all «< Mean Qaage-Readlnge ", (Ch. Y, II.) 
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It will be seen that in all the earlier ExperimentB at the older Sites in the Boorkee 
Eeaeh, the Slope-Measnrementa were made on one Bank only. On a few special 
occaaioiu they were made on both banks ; these are recorded in special Tables 
LXXX, LXXXI, and discossed in Art 6, bnt thronghont the rest of the Tables 
only one of these has been used, m^ that of the Standard Bank, so as to preserve 
the comparability of Results thronghont these Tables]. 

Bb. Wind Ei7TBIB&— The state of the Wind at the time of the Slope' 3feaanre» 
menu will be fonnd in CoL 6 of Tab. LVIII to LXIX : there being a single entry 
for Slope-measnrements on only one Bank (Tab. LVIII to LXV), and two entries 
lor S)ope*measnrements on both banks (Tab. LXV to LXIX). 

[The Wind-entries in all the Detailed Velocity-Tables VII toLV, are CTeiywhero 
those proper to the vetoeitjf-workf those proper to the Slope-measnrementB not being 
there given for want of space]. 

8c. Other Surfaco'Shpes, — Except as above— t. e., except when Discharges 
were being taken— >Surfaoe-31ope Measurements were net made with any regularity 
thronghont the greater part of the Bzperiments. 

A great many were indeed made (at the snggestion of certain* hydranlidans) 
chiefly in calm weather, with all the other sorts of velocity-work, bnt in most of the 
Series, the record is veiy imperfect, see Col. 3 of Tab. VII to XXXUI, and the 
state of the Wind (at the time of Slope-measnrement) has not been printed. 

9. Sorface^FalL— -After the Experiments had been a long time in 
progress, it was fonnd that the state of the Surface-Slope appeared to 
exercise a far greater inflaence on the Velocities and Discharges than 
had been expected. The imperfection (above explained) of the Sorface- 
Slope Record in all the early Experiments preyented this heing thor- 
oughly traced out. But a means fortunately existed of supplementing 
this by a quantity nearly related to the above, viz., the Total Surface-Fall 

in the Upper Half and Lower Half of each Reach. 

9a. Head-Gauge, Tail-Gauge.— In each Reach there is nsnaUy a permanent 
Gauge a little below the Head of the Reach, and another a little above the Tail of 
the Reach. These Ganges will be called for shortness the Head-Gauge and Tail- 
Gauge of the Reach. The Readings on these Ganges show the water-level shortly 
after entry into, and jnst before exit from, the Reach, and serve to indicate roughly 
the state of snpply into, and of withdrawal from, the Reach. 

[These Ganges were read some onee, some two or three times a day (for Canal 
purposes), and the Readings were filed in the Canal Records. 

The valne of this additional information was first perceived abont end of 1876L 
For the work already past, viz., from 1875 to end of 1876 (and, therefore, affecting the 
Roorkee Reach only), the Gange-readings were taken from the old records of the 
Canal : after that date they were communicated monthly by the Canal authorities. 

The water-levels at these Ghiuges being thus known, give, together with the water- 
level at the Experimental Site, the means of finding the Total Surface-Fall in 

• Xr. H. Buin, and Gail. Th. SUis. 
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the portioBS of the Reach ahove and helow the Bzperimental Site, and also in the 
whole Reach. 
These will be denoted hy the Symbols Fi, F^, F,, F, thos — 
F| = Sarface-Fall in Upper Sab-Reach, t.tf., from Head-Gange to EzperL Site, 

(except in case of SoUnf Embankment Minor Sites, v, it^.) 
Ff =s Sorface-Fall in Middle 9ab-Reach, i.«., from EzperL Site to prindpal Gange 

next helow, (used for Roorkee Reach only.) 
F, = Sarface-Fall in Lower Sab-Reach, i.e., either from the Experl. Site, or 

from the principal Gange next below, to the Tail Gange. 
F = Total Snrface-Fall in the Whole Reach, i. e., from Head to TiuL 
The detoUa for each Site are shown in Table below— 
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The several Surface-Falls (F|, Yf, Fj) are entered for eyerj Set of Fleld-woik id 
Col. 8 of Tab. Vn to LVII, and in Col. 2 of Tab. LVIU to LXTX. 

It is obvious that — 
F = F, + Fj + Fa, at those Sites where Fo is entered, ] .-g^ 

F = Fi + Fj, at aU other Sites, i ^ ^' 

10. ControL — The Control exercised oyer the Sapplj into, and With- 
drawal from, each Reach is what nltimately determines the Surface-Fall 
within the Beach ; the yariation of the Sarface-Fall cannot in fact be 
understood at all without studying the state of the Control. 

10a. Control at Head. — The Control exercised at the Head of each 
Beach exerts little influence oyer the mode of passage of the water through 
the Beach, ue.^ over the Fall of the water-surface : for, howeyer admit- 
ted into the Beach, the water rapidly spreads itself out all oyer the Bed, 
so as to fill up the whole width of the channel nearly level across, so that 
the effect of Control ftt the Head is soon lost ; and it would be unne- 
cessary to notice it further, were it not that the Head-Oauges are situate 
within its influence^ as will be discussed further on. 

10b. Control at Tail of Beach. — The manner of Control at the 

Tail of the Beach has been already explained (Ch. Ill, 5a, b) to consist of — 
l**. Increase or Decrease of the Total Area of the D&louehure of the Reach by 

(partially or wholly) opening or closing the Drop-gates of the Distributaries 

taking off near the Tail of the Reach. 
2®. Raising of the Crest of the Falls in one or more Bays, by lowering wooden 

" Sleepers ** on to the top of the masonry Crest of sach Bays. 

The latter is by far the most efficient means of controlling the mode 
of passage of the water through the Beach, as the raising and lowering of 
the Crest of the Falls decreases and increases the Fall of the water-surface 
in the Beach aboye in the most direct manner : this will appear fully below, 

[The necessity for this mode of Control has been explained (Ch. Ill, 5b) to arise 
only daring Low Supply (in order to raise the water-level snfficiently to force the 
water into the Distributaries). 

Theamonntofsnch Control that can be exercised is very great, the highest water- 
level at the Tail of the Roorkee Reach (Asafnagar Falls) having actually occurred at 
time of verj Low Supply, {jiee Ser. 131, 171, 172 of *Abstr. Tab. 1^ and Det Tab. 
XLI, XLVn]. 

lOo. Abnormal Readings.^Were the Obstruction required— whether of Drop, 
gates or Sleepers uniformly applied across all the Bays of the Regulating Works, the 
water-level in each Bay would probably be equally affected. But, from the di£Sculty 
of raising the Drop-gates and Sleepers in numerous Bays, it is found practically 
more convenient to apply Uie whole Obstruction in a small number of Bays, rather 
than equally in all the Bays. 

• AbBtr.UiliortforAlMtract,I>ci.forDetaUad. 
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The Reflnlt Is that the Obstrnctioii takes the form at any rate partly of a Con- 
traction in width of the Waterway at the Regulating Works. In consequence of 
this, it follows then that — 

"The water-lerel in the immediate neighborhood of the Regulating Works 

stands abnormally high when Obstruction is applied ", (19). 

[By abnormally high is here meant, higher than it would if the Obstruction had 
taken the form of an equal lowering of the Drop-gates, or an equal raising of the 
Crest of the Falls throughout all the Bays alike, instead of the form of a partial 
Contraction of the Waterway]. 

It seems probable that this abnormal raising of the water-level takes effect only in 
the neighboriiood of the Regulating Works, and is insensible at any considerable 
distance from them : this seems certainly the case with respect to the Head-Works, 
as before remarked. Unfortunately the Head- and Tail-Gauges are situated so close 
to the Controlling arrangements, isee Table below), being usually fixed on their 
masonry waterwings, as to be within this infiuence. Moreover, in consequence of the 
Gauges being applied on one Bank (ibidem), there is some uncertainty as to (the 
meaning of) their indications when Obstruction is applied as above, as the water-level 
near the Gauge is liable to be differently affected, according as different Bays (near 
to or far from the Gauge) are obstructed. 
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• In this Oolninn the terms ** Accurate ", " Inaocurate '*, imply simply that the stete of the Gaoge 
is (bf oonstmction, position, &o.) such as to admit, or not to admit, of aoonrate reading, 
t C means ** Canal Btaif '* ; B means ** Bzperlments' Staff' 
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The General Result is— 

<* The Head- and Tail-Gaage Readings are usnallj abnormally high and of some- 
what uncertain valae whenever partial Obstmction is applied (in form of contracdon 
of the width)", (20). 

In the present Experiments, howeyer, the Head- and Tail-Qaages of the Roorkee 
Reach alone are affected in a manner worth noticing, as will be fally shown below 
( Art 13a, et seq.), from the great range of Control that oocnrred therein. In the other 
Reaches the Experiments lasted only 3 months ( Jany., Feby., and March '79), daring 
which bat little change of Control occurred : their case is as follows : — 

Belra Reach. Head-Gauge 4478' below Head- Works, and therefore out of their 
infloence. The Obstruction of the Falls at the Tail occurred only in one month, 
(Feby. 79,) and was always small : it was always applied from the Left bank out- 
wards, neyer extending right across. The Tail-Gaage, being on the Left Bank, was 
thus always somewhat eimilarly affected on such occasions, (always reading then 
somewhat abnormally high, see above.) 

Jaoli Reach. No Obstruction applied at the Head-Works daring the above period. 
The Obstruction of the Falls at the Tail was always of uniform height in each Bay, so 
that the Tail-Gaage readings probably remained *' normal " (in the sense above used). 
Kamhera Reach, The water was admitted through the Annpshahr Branch 
Canal Head- Works (PI. Ill, VI) of 8 Bays. The Drop-Gates of the two Left 
Bays were kept permanently lowered (thus closing the Bays) to the same extent 
throughout the above period. More or less water was admitted into the Reach by 
raising or lowering the Drop-gate of the Right Bay. The Head 'Gauge being on 
the right Bank was thus always eomewhat timilarly affeetedy (always reading 
abnormally high, see above.) 

The Tail- Works consist of Falls of three Bays : each Bay was kept constantly 
obstructed by an unvarying amount, their crests being raised 1''50, '86' and 1''42 
respectively, throughout the whole period. In consequence of the constant greater 
Obstruction in the side Bays, the Tail-Gaage was always similarly affected, (always 
reading somewhat abnormally high, see above.). 

It will be seen that the Head- and Tail-Gaages of these three Reaches, when affect- 
ed at all abnormally by partial Obstruction of the Regalating Works, were in each 
case similarly affected, so that the affection is not of so much importance. 

11. Surface-Falls imperfect. — For various reasons the Surface- 
Falls ia the Upper and Lower Sab-Reaches, obtained as above described, 
(from the Head and Tail-Qauges,) have not the same value as the Local 
Slopes : these are — 

L Abnormal Gauge-Readings (caused by Canal-control). 
11. Inaccuracy of these Gauge-Readings, 
lit Non-simultaneity of the Gauge-Readings. 
11a. Abnormal OaugS' Headings, — ^The occasional abnormal height and eomr 
parative uncertainty of the Readings of the Head- and Tail-Gauges explained above 
as caused by the practice of unsymmetric obstruction, obviously affects the Surface- 
Falls of the Upper and Lower Sub-Reaches (Fi, F,) as follows, (observing that the 
Gauge-Readings at the Experimental Sites are not thus affected) :— 
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^The Snrface-Fall measiireineiit in the Upper Snb-Seach (Fi) if liable to be 
avtr-tttimated to tn uncertain extent at low water whenever the Head- Works are 

partially (aiiBymmetricallj) obstracted", ^ ^ (21). 

'* The Sarf ace-Fall measurement in the Lower Sub-Keach (F,) is liable to be 
underestimated to an uncertain extent at low water whenever the Tail-Works are 

partially (unsymmetrically) obstructed", (22)* 

[The Surface-Fall of the Middle Sub-Reach (F3) is of course unaffected hereby]. 
Ill), Inaccurate Oange-Readingi, — For various reasons the readings of the 
Head- and Tail-Gangea are not nearly so aocurato as those of the Ganges at the Ex* 
perimental Sites — 

P. Some few of the Gauges are situate in troubled water which oscillates so 
much and so irregularly, that the Water-Level (taken as the mean of the 
highest maodmnm and lowest minimum) cannot he preeUely defined, 
2*. Most of these Gauges were read by the petty subordinate Staff of the Canal, so 
that the readings cannethe depended on cheer than the neareet tentkot afoot. 
Great accuracy in these readings is, however, by no means essential, as the Surface- 
Falls in the long distances in question are comparatively large quantities, so that 
•mall errors in the Gauge-readings do not seriously affect the Results. 

Il0« Non^'Siwukaneoui Oavge'Readings.^The Readings of the several Gauges 
(viz.. Head, Intermediate, and Tail) were not in any case simuUaneoue, so that the 
Surface-Falls (Fj, F^, FJ are liable to be abnormally affected if any considerable 
change of water-level took place in the interval. This source of uncertainty is great- 
est in the Upper and Lower Surface-Falls (F| and F J because most of the Head- 
and Tail-Gauges (vis., all those read by the Canal Staff, see Tab. of Art. 10c) were 
read only at certain times of day (sometimes only once a day), often not coinciding 
closely with the Experimente' Field-work. 

[Small variations of water-level wonld be of little practical importance, for the 
reason given above that great accuracy is not essential. The cases in which the 
Resnlte are likely to be abnormal from this cause (chiefly at low water) can be easily 
recognised in the Tables, as being those in which the ** Variation " of water-level at 
the Site itself is considerable]. 

Notwithstanding these* defects, the Snrface-Falis in question are a ral- 

oable record, in helping to trace the cause of very different velocities and 
Discharges occurring at one Site with 9ame water-levd, when the Local 
61ope record is wanting, and also in confirming the indications of the latter 
when existing. 

12. Effect of ControL — In order to study the effect of the Control 
on the Surface-Fall, it might seem necessary to give the state of the 
Controlling arrangements for eyery Experiment wherein the Surface-FaU 
is registered. To have done this would, however, have involved a great 
extension of the printed Tables (the Surface-FaU being given for eoexy 
Set of systematio velocity-work throughout the Tables, Art. 9a). It 

• The entries F^= -'SS. (Ser. 1S6) ; F, = •00 (Ser« ISS 4 171), an pntotbly mietaku aildng 
ftOBn tbe csme i above notloeda 
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has been thought sufficient to limit the inquiry to those Sbts of Mean 
Telocity-work along with which a Slope-Measurement was made, (Art. 8a). 

[These Sets are hy far the most interesting in the whole Work i and they are ample 
for the purpose, as they cover the whole Bange of water-level occurring in the Exper- 
iments, which— in the case of the Boorkee Reach— was vexy large (from 10' to 0''7 
at the Solinf Aqueduct Gauge), and include great changes in the state of Control]. 

13. Control, Exhibition of. — The following system of exhibiting 
the state of the Control at the Head- and Tail-Works in a compendious 
manner has been adopted, and is used throughout the " Comparison* 

Tables '' (LVIII— LXIX, and 20—22). 

18a. Control at Head, Roorkee AeaeA.— The water is admitted into the Reach 
through the Dhanaurf Regulating Works (PI. I, Fig, 1) of 10 Bays, each Bay of 
which can be (wholly or partially) closed from overhead by Drop-Gates, (one to each 
Bay.) The surplus water in the Reach above is allowed to escape (if required) out 
of the Canal into the R&tm6 Torrent through the Dhanauri Dam (PI. I, Fig, 1) of 57 
Openings (47 laige and 10 small : the latter are — ^from the form of their bed — styled 
Ogees); these are ordinarily kept closed (to prevent the escape of the CSanal-water) 
by Flood-Gates, one to each Opening, i.e,, 47 large Flood-Gates, and 10 small Flood- 
Gates (in the Ogees). 

A statement of the total numbers of large and of small Flood-Grates open in the 
Dhanaurf Dam, and of Drop-Gates eiosed in the Dhanauri Regulator on each day, 
was supplied f by the Canal Staff. These numbers are entered in CoL 2 of Tab. 
LVHI— I^KY in the Snb.Columns headed- 
Gates open in Dam, Ogees open in Dam. Gates closed in Regulator. 

These figures serve to indicate in a rough way the chance of the Head-Gauge 
being affected as described above, and, therefore, also of the Surfaoe*Fall Measurement 
being abnormally high, (Art. 11a.) It is clear that the closure of the Dhanaurf Re- 
gulator Gates is the more important element affecting the Head- Gauge (from its 
situation in the left waterwing thereof. Art 10c). 

ISh* Other jRtfocAM.— For the reasons given in Art 10c, it has not been thought 
worth while giving any record of the state of Control at Head of the other Reaches 
(Belra, Jaolf and Kamhera). 

18o. O)NT]t0L AT Tail.— This has been explained to consist of two items— 
1^. Withdrawal of water by the Distributaries. 
2^. Partial Obstruction of (some bays of) the Falls at Tail. 

ISd. Withdrawal hy Dittrihutariet, (Q).— The Distributaries leading out of each 
Reach are shown in the Plans of the several Reaches (PI. I, & III— VI) : their num- 
ber, and the ma xim u m Discharge of each, are shown in the Tab. of Art 10c, q,v. 

The most convenient mode of exhibiting compendiously their effect upon the state 
of the water in each Beach seemed to be to give simply the Total volume withdrawn 
on each occasion by the whole of the Distributaries in each Reach. With this view 
the Gauge-Reading (or in some cases the actual Depth near the Gauge) of the early 

* 10 Mlled from diowiiig nwal vbIimb of Mean Ydooitj, collected for reedy comparleon, to ba 
dJfloneMdln Cb. ZZ. 

t Once a day (at early morning) in 1876, '76 ; thrice a day (morning, noon, and foniet) in 1877 
•78,79. 
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morning of each day for each of the Distribntariee coneemed was supplied by the Canal 
Staff. From this the Discharge passing the Gauge was taken out from the official 
Discharge-Tables in use on the Canal. The sum of these Discharges of all the Di»* 
tribntaries in each Reach is the Total Volume (measured in cubic feet per second 
withdrawn bj the Distributaries of the Reach. This is what is entered in Col. 2 oS. 
the *< Comparison Tables" LVIII— LXIX, and 20—22 as the — 

"Withdrawal bj Distributaries", (in eub. ft. per sec.,) denoted by Q. 

The ratio of this quantity to the Cubic Discharge (D) of the Reach, (Col. 8 of 
same Tables) will give an idea of the effect of the Distributaries on the Surface- 
Fall 

13e« Average Ohitruction at Tail (i). — ^The manner of Obstruction at the 
Tail of each Reach, by temporarily raiting fA« Orttt in one or more Bays of the 
Falls, has been already explained (Art 10b). With the view of tracing the effect 
of this on the Surface-Fall, the height of the Obstruction across each Bay (i,e., the 
height of the Sleepers placed on the Crest of each Bay) of the Falls at Tail of each 
Reach at about 7 A.M. of each day was supplied by the Canal Staff. To exhibit 
this in a compendious manner, it was thought, however, sufficient to print only what 
may be called the Average Height of Obstruction, or shortiy Ayeraok Obstruc- 
tion, computed as follows :^- 

- ^, , ^. , . ^ Total Obstructed Area 

Ave«ge Ob8tmcbo« (») = -,^-^^^^—-— 

Su m of heights of Obstruction in each Bay -^ 

~" Number of Bays ^ ^' 

the Bays in each system of Falls being of equal width. 

This is the quantity enter^ in Col. 2 of Tab. LVUI— LXIX, and 20-^- 

18f. Ohrtruction Record imperfect (in Roorkee Reach).— The value of this last 
quantity (A) in tracing out the causes of the very great yariations of Surface-Fall 
which occurred in the Roorkee Reach was first perceived about end of 1877, from 
which time a regular record of the state of Obstruction at the Tail of this Reach was 
supplied by the Canal Staff. For the time preceding, such record was supplied as 
was available : it is unfortunately very imperfect from the fact that the record was 
not regularly preserved. 

[It has been, however, possible to supply it (with almost absolute certainty) for 
all cases of High Supply even for that earlier period, because such Obstruction is never 
applied in times of High Supply, so that for all such cases of High Supply the Ob* 
struction was (as far as can now be recalled) almost certainly zero (i = '00). To 
indicate, however, that the entry is to some extent conjectural,. (t.«., is not a real ob- 
servation,) the entry is printed with a query, (thus k = ?'00) in all these cases. 

In a few other cases where there was evidence available, but only in a somewhat 
imperfect form, the entries have been printed with a query thus (?4'dO) to indicate 
that they are somewhat conjecturaL 

These queried entries are by no means to be rejected, as they are all almost cer- 
tainly correct]. 

ISg. Detail imperftet,—AA far as the Surface-Fall of the Lower Sub-Reach (of 
all the Reaches) is concerned, the detail given (viz., the values of Q, k) would pro- 
bably have been nearly perfect for the purpose of showing the effect of the Control 
at Tail, except for the position of the Tail-Gauge dose to the controlling arrange- 
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mettto iue Tab. of Art 10c). Again, as far as the Stirface«Fall of the Boorkee Upper 
8ab-Reach is concerned, the details giren wonld not be required at all {$ee Art 10a>, 
except for the position of the Head«Gaage close to the controlling arrangements. 

The detail actaallj giren cannot be said to afford more than a rongh idea of the 
effect of the Control in causing abnormally high readings on the Head- and Tail- 
Ganges. Bat this is all that is really required. To have shown it at all fnllj woald 
haye required the diowing the amount of Obstruction applied tit each Bay aepar' 

atdy, via. — 

Boorkee Reaeh: Head-Works, 10 Bays ; Tail-Works, 8 Bays. 
Belra and Jaoli Reaehet : Tail- Works, each 8 Bays. 
Kamhera Reaeh : Head- Works, 3 Bays ; Tail- Works, 8 Bays. 
This would CTidently have inroWed an immense increase of the printed Tables. 
The practical advantage gained would be doubtful, as it would not enable any correc- 
tion to be applied to the abnormal Gauge-Readings to reduce them to normal values. 
As already remarked (Art 10c), the abnormal state of the Head- and Tail-Ganges 
is not of much importance in the three latter Reaches. 

14. Surface-Fall and -Slope, Diagrams, (PI. XXI, XXII, and 
XLIV—XLIX).— Several Diagrams prepared primarily with the view of 
showing the dependence of Discharge and Velocity on Tarions elements, 
(sach as Depth, Surface-Fall, Surface- Slope, Control at Tail, Wind, &c.,) 
Benre also equally well for sHowing the dependence of the Surface-Fall 
and Local Surface- Slope on the remaining elements Depth at Site, Con- 
trol at Tail, Wind, <&c. 

Thus PL XXI, XXH show the Meak Subface-Falls (F„ F,, F^) plotted as ordi- 
nates to the Mean Depths (H) on the Experimental Vertical taken as abscissas for 
all the Subsurface Velocity-work upon a central yertical, i.e., for all the Seriee 
l~28y (Tab. 3f 4i) together with the Mean Wind plotted as explained in Ch. V, 
81d. 

Again, PL XLIV shows the Mean Surface-Falls (Fj, FJ plotted as ordinates 
to the Mean Htdbaulio Mean Depths (R) at the Experimental Sites, taken as 
abscissae for all the Surface' Velocity Series 51 to 59, (Tab. 13,) together with the 
Mean Wind plotted as explained in Ch. V, 21d. 

PL XLY to XL VIII show the Mean Bctbfage-Falls (F„ F.., F,), Local Sur- 
face-Slope (S), Mean Withdrawal bt Distkibutabies (Q), and Mean 
Atebage OBSTBUcnoN (i) at Tail, plotted as ordinates to the Mean Htdbaulic 
Mean Depths (R) at the Experimental Sites, taken as abscissae for most of the 
Mean Velocity Work, Tiz.,/0r each qf the Mean Velocity Seriet 10 1 to 225* contained 
in Tab. 20— 22> together with the Mean Wind plotted as explained in Ch V, 2Id. 

Lastly, PL XUX shows the Subfacb-Falls (Fj, F,), Local Subfagb-Slopb 
(S), Withdrawal by Distbibutabies (Q), and Avebaqe Obstbuction (*) at 
Tail, plotted as ordinates to the Hydraulic Mean Depth (R) at the Kamhera 
Site, taken as absdssaa, teparattHy for each day't Mean Velocity wort at that Site, 
taken from Ser. 221 to 225, (Tab. LXIX.) 

• A tSlMMoii MaplalaadlMtetftarfMBthosebeuingaMae8arialNos.inT^ 
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[Thus PI. Xn, XXII, and XLIV to XLVIII show onl j the Mean Resulu of the 
eeveral Seriee indicated, (one ordinate being allotted to eadi Series.) PL XTJT shows 
the Reiulte of each doj/'s work aeparatelj, (one ordinate being allotted to each dafa 
worhy !<., aanally one Skt, or in a few canes — ^where two Sets were done in one day — 
the Mean Besnlt of two Sets)]. 

15. Sarface-Qradienty Variation.— From these Diagrams the follow- 
ing broad Oonclosions may be at once drawn : the evidence will appear in 
discassing the detailed Conclusions: — 

" The Sorface-Fall (in a long distance) depends chiefly on two elements, 
'H*., !•, Depth of water; 2», Obstruction at Tail", ^. (24). 

*^ The rariation of Snrface-Fall (in a long distance) accompanying change of 
depth is quite different in the Upper and Lower Sub-Reaches",. (25). 

<* The Local Surface-Slope seems to depend jointly on the Surface-Falls in both 
the Upper and Lower Sub-Reach ",.... (2(>). 

A great difference might of coarse be expected in the Upper and 
Lower Sab-Reaches on aocoant of the proximity of the latter to the 
Obstracted Falls at the Tail. 

15a. Surfaob-Fall Yabiation. — Passing now to details, the follow- 
ing Oonclosions (Nos. 1^ — 9^) may be drawn as to the variation of the 
Sorface-Fall at different parts of a Reach :— • 

1^— *'The Surface-Fall in the Upper Sub-Reach (Fj) is at most of the Sites 

generally (except at low water) less than the (original) Fall of Bed ", (27a). 

[This is best seen by glancing down the Sub-Column of F^ in the Abstract Tables 
S, 4, 18—18, & 20—22 : ^® ralues of F, will be seen to be at the Roorkee Reach 
and Eamhera Sites generally (('.«., except at low water) less than the original Fall of 
the Bed corresponding. This is no doubt due to the permanent Obstruction (in the 
slope of the raised Crest of the Falls) at the Tail of each Reach. As it does not 
obtain in the case* of the Belra and Jaoli Sites, it is no doubt a local peculiarity 
depending on the amount of permanent Obstruction at the Tiul of Beach. 

To save further reference, the (origmal) Fall of Bed in the Upper Sub-Reach for 
each Site is here re-quoted from the Table of Art 9a, — 

15th Mile Sites 2*8, SoUnf Embankment Main Site 5*4, Aqueduct Sites 6*6, 

Belra Site *9, Jaoli Site 3, Eamhen Site d-2]. 

2*,—*^ The Surface-Fall in the Upper Sub-Reach (F|) appears (in absence of other 

influences) at most of the Sites to inereau tlowly wiA decrease of depth*\,.X^^h 

\$ee FL XXI, XLVI, XLVII, wherein it is well marked on the whole : the change 

is, however, so small, that it is liable to be masked or even reversed by the effect of 

oUier causes ; thus increased Obstruction at the Tail (Jt) appears to account for the 

opposite change at the Behra and Jaolf Sites, (PI. XLVIU)]. 

8*,~<* At very low water the Snrface-Fall in the Upper Sub-Reach (F|) iqf>pearB 
Hahle to equal and even exceed the Fall of Bed (even in those cases where it is 

less at high water)," - - (27c), 

{see Ser. 20, 124, 125, 127, 180, 181, in Tab. S, 15^ 17, and PI. XXI, XLVI, 
XLVII. This effect is probably enhanced ahmormaliy by abnormally high Head 
Gauge-Readings due to partial cloiure (contraction of width) of the Head- Works, as 

• Tbs txoeptians ar« nnmeruas ; this is best seea la tho iJetailod Tables L— LIU, 

8 
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moBt of the known cases of such partial closnre (of Gates in Dhananrf Regnlator) are 
accompanied by highvalueg of F,; ieeSet, 122—127, 132—139, 176, 180, 181, in 
Tab. aO, 21. 

4o,_«* The Snrface-FaU in the Middle Snb-Beach (F9) does not change in anj 
obyionsly regular manner with change of depth", [see Fl. XXII, XLVII],...(27^). 

5^— "The Surface-Fall in the Lower Sab-Beach (F,) is greatest ta deepest 
water, and decreases rapidly (in absence of other inflnences) and pretty regular^ 
foUh decrease of depth", (27e). 

[This is obTions throoghont all the FL XXI, XXH, and XXJY— XLIXl. 

6^— " The larger changes of Surface-Fall in the Upper and Lower Sub-Reaches 
(Fl, FJ are usually 0/ similar character " (27/). 

[This is shown by the general concurrence of saliences and depressions in the 
curves of F|, Fj, in all these Plates, especially in FL XLVI, XLVII. In con- 
sequence of decrease in depth being accompanied (v. supra) by change of opposite 
kinds in F|, F3, the similarity of change noticed does not involve simultaneous increase 
or decrease of F|, F,. This genend concurrence (of saliences and depressions) is 
liable to be masked by rarious causes partly noted below, especially at low water]. 
yo^.K If }jQ variation of Surface-Fall in the middle Sub-Reach (F^) does not 
seem to be generally concurrent with that in the Upper and Lower Sub-Reaches 
(F.,F,)" (27^), 

[m0 pi. XXn, XLVII ; the saliences and depressions of the curve of F^ cannot 
be said to be generally concurrent with those in the curves of F|, F,]. 

80,— «< Obstruction at the Tail decreases the Surface-Falls (Fi, Fj, F^) and also 

the Local Surface-Slope (S) generally (in absence of other influences) ", (2da). 

[This is obvious throughout PL XLV to XLVm, nearly all high values of k 
heing attended with low values ofE^, Fj, F„ S. This is so regular on the whole, that 
it seems probable that many of the apparent exceptions in the Diagrams are due to 
the imperfect record of the Obstruction available, thus— 

PL XLVL The only exceptions are Ser. 118, 119 (R = 5*48), 121 where the 
high values of k plotted do not seem to have produced sufficient depression in the 
curves of Fj, F„ S : but on reference to the details (Tab. LX) it will be seen that 
both mean values of k are derived from imperfect data. 

PL XLVIL In this Plate in tracing the effect of the Obstruction at Tail, it is 
obviously necessary to exclude the ordinates on which the value of k is unknown, 
vis., Ser. 179, 177, 175,174, 170, 169, 166, 165, 163]. 

9^,—^ This effect (decrease of Surface-Fall due to Obstruction) is much the 
greatest in the Lower Sub-Reach", [«e«PLXLV— XLVm,iwimm],. (28*). 

16b. Surface^lope Variation, (PL XLV— XLIX).— The variation 
of Local Sarface-Slope is much more difficult to account for than that of 
the Surface- Falls in the long stretches (Sub-Reaches). The following 
general Conclusions may be drawn from the Plates quoted : — 

*< The Local Surface-Slope (S) does not change in any obviously regular manner 
with change of depth", [see PL XLV to XLIXJ,.. (29a). 

« It seems to partake of the yariation of the Surface-Falls in the several Sub- 
Reaches, sometimes following one, sometimes another '*, (29(). 

[At the SoUnf Right Aqueduct the Slope-Tariation seems ^ follow the Upper 
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Surface-Fall (F,) in deep water, and the Lower Surface-Fall (F,) in shallow water 
(compare the cnryes of F„ F^, S, PL XLVI). Again, at the Sol&ni Embankment 
Main Site, it seems to follow the Middle Suxface-Fall in deep water, and the Lower 
Snrf ace-Fall to some extent in shallow water]. 

" In its larger features it seems to depend ehiefiy on the amount of Obttruo- 

tion at Tail, (decreasing rapidlj with increase of Obstraction)/' (29(t), 

[compare with Besnlts (28a, b) aboTe]. 

The occasional complete disagreement of the cnnres of F, and S (which may be 
both considered ioeal Cnnres) with each other and with the cnnres of F|, F, (which 
may be considered general Cnnres), seems to indicate the paetage of waves down the 
Beach. Soch a state of things wonld of course temporarily mask the interdepen- 
dence of these quantities, Itee PL XLVII, Ser. 156, 176, 180.] 

On the whole it may be said that though the Upper and Lower Sur* 

face-Falls together afford a good indication of the state of the Surface 

in the Reach generally, they by no means suffice to indicate the Local 

Surface-Slope at any particular Site. 
[This might have been expected from Besnlt (16), Art 7a]. 
15c. Withdrawal by Distributaries. — It might be expected pretty 

confidently a priori that an increase of Withdrawal in the Distributaries 
(taking off the Canal near the Tail of each Beach) would ccsteris paribus 
increase the Surface-Fall, at any rate in the Lower Sub-Reach. This effect 
is, however, yery obscure in the Diagrams (PI. XLY — XLIX), and espe- 
cially in the Lower Sub-Reach : this is probably due to the fact that-^ 
1^ At high water the maximnm Withdrawal by Distribntaries (Q) is only a 
small fraction of the Total Cnbic Discharge (D) passing through the 
Beach, and, therefore, produces a proportionately small effect 
2<*. At low water when the Withdrawal by Distribntaries (Q) is a mnch larger, 
and occasionally an important, fraction of the Total Cnbic Discharge (D) 
through the Beach, the effect seems to be wholly masked by the occunence 
of the (far more effective) Obstruction at Tail of Beach. 
[8ee Tab. LXL In Ser. 131 Q-t-D > i, whilst in the remaining Ser. 132 to 139 
at this Site Q -?- D lies between \ and ^,. 

See also Tab. LXIV. In Ser. 171, 173. Q-f-D > i and | respectively, whilst 
in Ser. 174, 176, Q-t- D < if And in all other neighboring Series much less. 

In all the more marked cases of relatively large Withdrawal by Distributaries 

(Ser. 131, 171, 173), the effect on (t.A, expected enhancement oQ the Surface-Falls 

and -Slope is quite maeked by the occurrence of high Obstruction at Tail of Beach], 

Although the effect is generally quite obscure, there is in some of the Plates a 

marked agreement between one or other of the curves of F], F,, and Q, at high water 

(in absence of variation of Obstruction at Tail of Beach) in the general concurrence 

of the saliences and depressions upon the same ordinates. 

The variation of the Withdrawal in the Distributaries seems here to be the effi- 
cient canse of the variation of the Surface-Fall : high and low Withdrawal (Q) 
producing high and low Surface-Fall (F|, F,) respectively. 
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ISte PI. XLVI, Ser. 108 to 117. No Obstraction at Tail of Reach. Here the 
curves o£ Fj, Q agree in their several irregularities thronghoat the range indicated ; 
bat the carve of F, is strikingly different. 

Also PL XUXy patsiM. Obstraction at Tail of Reach constant throughout. Here 
the curves of F,, Q agree generallj in their several irregularities throughout the 
whole range : the marked exceptions are few, viz., where R s 4'*iO, 4'*18, 4' 09, 4''069 
(or 4''05,) & 4'*02 ; it must be admitted, however, that this includes most of the more 
marked irregularities]. 

16. Free Surface, Dugbams, (PI. VIII, IX).— These Diagrams 
are intended to show ihejigure asmmed by the Free Sarface of the water 
along a Beach with varions depths of water, and variona states of Con- 
trol (as shown by the Average Obstraction at Tail of Reach). The 
Plates show the Results for the Boorkee and Jaoli Reaches only. 

[The Roorkee Reach Results (PI. YIII) are by far the most instructive from the 
great range both of water-level and of Control that occurred therein. The similar 
Diagrams for the Belra and Kamhera Reaches have not been published, simply 
because they were found to contain nothing instructive, not sufficiently illostrated by 
the Roorkee and Jaoli Reach Results]. 

16a, Explanation. — Each Plate shows a longitudinal section of the Reach with 
details nearly as in the general PI. I» V described in Ch. HI, 8; showing the outline, 
however, only of the original Bed between the several permanent masonry floors (in- 
stead of that of the existing Bed, which seemed unneoeisary for this purpose). 

The figure assumed by the Free Surface along the Reach at various levels has been 
drawn upon the longitudinal sections by plotting at each Gauge the Mean Watbb- 
Level (as defined by the Mean Gauge- Reading h or H) from certain Sebisb of 
velocity- work, vis., from every Series in the Jaoli Reach, and from certain selected 
Series in the Roorkee Reach. For every such Series, the Gauge-Readings of at least 
three Gauges, (viz., at the Head, at an Esperimental Site, and at the Tail,) are avail- 
able : and in the case of Series of velocity-work at the 15th Mile and SoUnf Smbank- 
ment Main Sites, a fourth Gauge-Reading (at the SoUnt Aqueduct) is also available. 
Straight lines joining these points show of course (in a rough way) the outlines of the 
FBEB-SufiFACB aloug the Reach. 

The Average Height of Obstruction upon Chnest of Falls is shown by the thick 
black lines raised upon the Oest of the Falls to the left of each Plate : the height of 
these shows in fact the (average) height of the temporarily raised (^rest, (or in other 
words of the Obstruction.) 

[To exhibit this distinctly for each Series, these line^— which would in reality over- 
lap—have been plotted separately, slightly spaced out over a small horizontal width, 
which may be looked on as an enormously enlarged pictorial representation of the 
width of the mssoniy Crest : similarly the thick lines in question may be looked on 
as pictorial representations of the cross-section of the " Sleepers " used to raise the 
Crest temporarily]. 

The Free Surface Lines have been carried out beyond the Tail-Gauge in both 
Plates, and connected with their seversl (vertical) Obstruction-Lines to enable the eye 
to trace their connexion. The Serial Nos. attached will also help the eye in tracing 
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otttindiyidiud lines on the Plates, and further enable raferenee to be made to the 
Abstract Table 1. 

16b« -A.hnttact Table 1,— To ssTe reference to the details, an Abstract of all the 
data required is giyen in Abstract Table 1. This shows the seTeral Serial Nos. 
and nnmber of Sets in each Series: and the m^n vahieafw each Seriee of the 
following quantities :»- 

1^ Elements showing Control at Head of Roorkee Reach as in Art 18a* 

2®. Elements showing Control at Tail of either Reach (riz., Qakoi Art 18d, e). 

8°. Readings of the seyeral Ganges (i.s., from 8 to 4 for each Series). 

4^ Resulting Surface-Falls (F„ F2, F„ F) in each Sub-Reach. 

5^ Local Surface-Slopes (S), in many cases. 

16c- Reorhee Reach Diagram, (PL Vm).— To preyent confosion, the doping 
lines which show the Free Surface for Series of Telodty-work done at the yarious 
Sites in the Roorkee Reach (PI. VIII) have been drawn in different styles («.^., dear, 
dotted, chain-dotted, and in long dashes, as detailed on the Plate itself, q. v,) for each 
Site. Also each snch Line is drawn continuously only across those Gaugbs from 
which it was plotted, (as detailed in the Reference Table, PI. VIII,) and is broken 
where oroising other Gauges, Many of these lines are also inteimpted, to sare 
confusion where much interlacing occurs, the connexion being indicated by arrows, 
and by repeating the Serial Nos. 

I6d. Selection of Series.— The Results ayailable in the Roorkee Reach are so 
numerous as to produce simply a confused mass of lines when all plotted together. 
A selection was accordingly made first of all those containing a complete record of 
the Obstruction at the Tail of the Reach, (thus rejecting a great many. Art 18f) : 
among these again preference was given to those containing readings oi/our Gauges, 
t.0., Series at the 15th Mile and Soltof Embankment Main Site. After taking aa 
many of these as could be conveniently plotted without confusion ((.0., after actual 
trial), a further selection was made of such Series as contained a nearly perfect re- 
cord of the Obstruction at Tail, and seemed otherwise instructive. 

16e. Free Surface Figure, (PI. VIII, IX).— First let it be observed 

that, if the Falls at the Tail were unobstrocted, the gradient of the Free 

Sorface might be expected to be steeper tJian the Bed-Slope^ especially 

near the Tail, in conseqaence of the "draw'' of the Falls. Bat the 

permanent Obstmction at Tail, (the raised Crest of the Falls,) has had 

the effect of flattening the gradient of the Free Surface near the Falls 

to such an extent that at time of Highest Sapply the Free Surface 

thronghont the Beach is roughly paraUd to the original Bed^Slope^ (this 

is best seen in PL YIII.) 

[The raiuDg of the Crest of the Falls may, therefore, be said to have effected its 
object, vis., the reducing the gradient of the Free Surface of the Lower Sub*Readi 
so as never to exceed that of the Upper Sub-Reaches]. 

The following Conclasions (completely in accordance with the preced- 
ing) may be drawn from these Diagrams : — 
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" In times of High Sopplj, with therofore Deep Water in the Upper Snb-Reacheiy 
when there ia no temporary Obstmction at Tail, the Free Snr&ce sinks as 
follows :— 

in nearly parallel lines in the Upper Snb-Beaches, - ^•„,.^(^(k^')f 

in conrerging lines, (I. «., with gradoally flattening gradient, or diminishing Sor- 

faoe-Fall) in the Lower Snb-Beaches ", (80}), 

[tetf Ser. 191 to 197, 151 to 161, 106, IIS to 125 in support of the abore]. 

" Obstmction at the Tail flattens the Free Surface Gradient generally for a long 
distance back ". I8ee Ser. 116, 120, 127, 131 to 139, 22, 164 to 181], (dOc). 

« This flattening takes place with far greatest effect oyer a certain stretch (which 
may be called the Obstbuoted Sub-Rbaoh), deflned by a level line through the 
Crest of the Obstruction ". [See Ser. 22, 164, 176, 180, 181], (dO<0, 

** and with effect rapidly diminishing with increase of distance above the said Ob- 
structed Sub-Reach ". [5e« Series 116, 120, 127, 131 to 139, 22, 164 to 181], (dO«). 

" With same depth at any Gauge increased Obstruction causes increased flatten- 
ing (or, which is the same thing, less Surface-Fall) in the portion of Reach below 

that Gauge", (80/). 

lUpper Gauge (No. 1) ; Compare Ser. 164, 120 ; 125, 168 ; 136, 168 ; 181, 176 ; 
176, 173 ; 180, 171 ; 127, 172. 

Central Gauge (Na 4) ; Compare Ser. 161, 22 ; 164 wiUi 131, 171, 172 ; 168 with 
181, 171, 172 ; 176, 178]. 

** The figure of the Free Surface is a nearly uniform slope at Highest Supply, 
and is concave below Highest Supply, the concavity increasing as the water-level 
sinks, and increasing rapidly, and extending further back with increase of Obstruc- 
tion at Tail". [This is of course involved in what precedes], (SQ^). 

[The existence of ooneanity is clearly due to the Obstruction at Tail of Reach : 
were the Falls unobstructed, the figure would undoubtedly be convex (if the Bed-slope 
were uniform)]. 

JaoU Reach, (PL EQ.— The Range of Depth and of Obstruction is small ; it 
suffices to say that the Diagram confirms the above Conclusions. 

17. General OonclosionB.— The general Conclusions from the above 
discnssions are that— ^ 

''The Surface-Gradient at different parts of a Reach is chiefly determined by 
tiie state of (>>ntrol at the Tail", « (Sla). 

''The power of Control capable of being exercised in the Ganges Canal is so 
great, that it forms the chief element in regulating the mode of passage of the 
water (i. e., with high or low surface-gradient) through each Reach ", (3U). 

And it will be seen hereafter that Velocity and Discharge at any Site 

are thus really more dependent on this element than on any other : so 

that in fact the mere item of ^' depth of water" or <' state of Gauge'* 

at a Site is no criUrian whatever of the Velocity or Discharge through 

the Site. 



CHAPTER VII I. 
SURFACE-CONVEXITY. 

Pv^oee^^The sobjeot of this Chapter— EzperimeiitB on Buf aoe-ConTeodty— is of high theoretlOf 
tmt of little prAcfeical, intereBt. 

1. Hydraulic PresBOie* — Theory indicates that the pressure in a fluid 
in motion is always less than the hydrostatic pressure, at any rate in the 
case of Stbadt Motion, by an amonnt varying with vnP -7- 2g, (where 10 
is the weight of a cubic unit), and therefore increasing with increase of 
velocity. 

After proving this* for the case of Steady Motion in a pipe Jlowing 
Jully (upon a certain hypothesis as to the law of fluid friction,) the late 
Canon Moseley quotesf the following Experiment (of Professor Ludwig of 
Leipsic) in illustration. 

Experiment t (PL X, JBigt 4). — ^* In the accompanjing diagram AB is the section 
of a pipe filled with water which flows throagh it. CDE is a continoons glass tnbe 
whose straight part CD passes throagh the pipe in a direction perpendicular to its 
axis, enters it by stnffing-bozes at 0, d, and is capable of being moved in the direction 
CD without leakage, a and h are small apertures in this tnbe. The pipe being 
filled with water, the tube also fills with it. But the water in the pipe being in mo- 
tion, and the aperture a nearer to the axis than h, the pressure at a is by {equation 
(20) less§ than that on b. The water from the pipe therefore flows along the tube 
through h in the direction DEC, as shown by the arrow • * * ^nd the air- 
bubble." [The air-bubble is at e]. 

This would seem to be a positive (experimental) proof that the greater 
the velocity the more the hydraulic pressure falls short of the hydrostatic 
pressure, in cases of Steady Motion in pipes at any rate, throughout a 
transverse section, 

2. Surface-Convexity. — How far this applies to the Unsteady Motion 
in Open Channels seems doubtful. However, Canon Moseley goes on to 
generalize the result. 

At p. 353 of same work^- 

"In all streams there cannot but be a tendency in the water to transfer itself from 
the sides, where the motion is slower and the pressure greater (as shown by{ equation 
19) to the centre, where the motion is quicker and the pressure consequently less — 
and also to rise from the bottom to the surface, carrying up with it the mud ". 

And again, at p. 44 of Vol. XLIY of same work, writing of Open 

Channels — 

** As the pressure is everywhere less where the velocity is greater, it is evident that 
there will be a tendency in the liquid on the surface to flow from the sides of the 
channel towards the centre, and that thus the velocity of the surface-water at the 

* Mowley's Steady Flow, Philoe. Mags., Vol. XLII, p. 3fi2. t ibidtm, 

X The nnmbered eqaations refer to the Paper quoted* 
9 Beeaose the Telocity at a la greater than at 0. 
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centre will be diminished, and the water heaped np, drowning, as it were, the point 
of greatest relocify in the section ", 

Canon Moseley apparently indicates that the water-surface wonld not 

be horizontal along a transrerse line in the sorface, bat would stand higher 
(or ''heaped up ") near the centre where the Telocity is great, than near 
the sides where the velocity is small : so that a cross-section of the sur- 
face would always be convex. 

Now two of the above results are undoubtedly true in Open Channels, 
t.e.| agree with Experiment, viz. — 

1*, the constant transference of the surface-water from the sides towards the 

centre, tee Ch. XVII, 14b. 
2°, the depression, as a mle, of the mazimnm velodty-line below the snrface, 

$€€ Ch. X, 8. 

But evidence as to the '* heaping up " of the water over lines of quicker 
motion (e,g,j near the centre), or in other words, of the convexity of the 
surface is almost wholly wanting. 

2a. Small Soalb Bvidbnob.— In the Atlas of PUitea illastrating Basin's Ex- 
periments on Open Channels, there are 46 croes-sections of various small Open Chan* 
nels (not exceeding 6'i in width), in which the cross-section of the water-enrface is 
also given in snch a way that it is* apparently derived from careful measurement of the 
surface-level at many parts of the section. The following Table shows an Abstract 
of the number of cases in which the snrface is— 

1®, higher at the centre than at both sides, (9 cases,) 

2^, level across, (10 cases,) 

8^, lower at the centre than at both sides, (8 cases,) 

4^ other cases not falling under 1®, 2% 8^, (19 cases,) 
separately for each of the four cross-sections figured, (and with complete references 
to enable the reader to verify the conditions.) 
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Croes-Seoilons. 



BeotanglBt 



Plate. Figorw. 



Trapeioid. 



Plate. Fig. 



Triangle. 



Plate. Fig. 



Semicircle. 



Plate. Fig. 



1*. Centre higher 
than both sides, 

2^. Level across, 

8^. Centre lower 
than both sides, 

4^ Other cases, 
[not falling nndor 
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ziz,5,9, 
9 XXI, 1, 
XXVI, 5,7,8, 

10 XX, 1,2^6,7,8, 

XIX, 1,2,8, 
8 XX, 10, 

19I XIX, 4,6,7,8, 
XX, 8,4,9,11,12, 
XXI, 2, 
xxvi, 6, 
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So far there U no etidexuse of the existence of a eentral elevation, a$ a general ruU, 
there being in all, — 

9 casee of central deration, 8 cases of central depression, and 29 other cases. 

The actual amonnts of the central elevation and central depression are given (in 
millimetres) in following Table :— 



QroM Sectlotit 



Reference 3 P^**«> — 

CtoB«in'.Atl-]]pig^ ... 



Elevation ok Diprbsszon 

[in milUm^troiJ. 
Atow or below f"'"*"^ 



cbhtral Eleyatioh 



Bectangl** 



Semi- 
clrolo* 



SIX 
5 9 



6 

4 



XXI 

1 



3 
8 



CXKTRAL DBPRESSIOIff 
(8 Cmm) 



Baotaogto. 



T»p«*l, l^t. 




Bememberingthat 1 millimetres about ^ inch, it seems probable that — considering 
the difficulty of the measurement close to the edge — ^the cases in which the cen- 
tral elevation or depression falls short of 3 millimetres, (about -j^ inch,) at either bank 
should be rejected, and should be classed under Class 4^ above. 

The number of cases in which the central elevation or depression is a tolerably 
marked quantity (exceeding say 2 millimetres) at both banks is only 6 of elevation, 
and 8 of depression, out of the whole 46 cases. 

Thus the evidence (from these Experiments) is quite trifling. 

2l>. Labgb Boalb Evidbncb. — The evidence from Experiments on 
the large scale is still more meagre. The author has been able to find 
record of only one such, (and that only atf second hand, quoted at pp. 
195| 196 of the Mississippi Beport.) 

"The Annales des Pouts et Chauss^esfor 1848 contains a long and exceedingly 
interesting Memoir by M. Baumgarten upon a portion of the Garonne » • • 
He reports some interesting and unique measurements upon the transverse section of 
the water-surface at a nearly straight portion of the riyer (width about 600 feet) both 
when the water was rinng and falling. When rising, at the rate of about 6 feet in 
twenty-four hours, with a maximum velocity of about 7 feet per second, he found the 
water in the middle to be about 0*4 of a foot above that on the right bank, and O'l 
abore that on the left. When falling, at the rate of about 8 feet in twenty-four hours, 
with a maximum velocity of about 7*5 feet per second, the water-sarface was sensibly 
a plane, being at the right bank a little less than 0*1 of a foot above its level at the 
opposite side of the river. The velocities at the banks are unfortunately not giren in 
either case". 

3. Measurement of convexity. — On acconnt of the high theoretio 



t The anthor has not been able to obtain a copy of the original from any public Library in 
Korthern India. 
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interest of this qnestion, it seemed right to make an attempt to test it 

experimentally in a wide channel. 

Sa> Co^nvexity expected* — It was snpposed'-^froin the theoretical groands abore 
— that the quantity to be measared, viz., the Elevation of the surface at the centre 
above the surface at the banks would be of the order of the — 

'* Difference of the heights due to the velocities at the surface-centre, and sniface- 

margin ", ue., comparable with (»o' — »b') -r- 2g, 
where, v^ = central surface-velocity, Vh = margin surface-velocity. 

Now in the Solani Embankment at high water, the central surface velocity (vo) 
commonly exceeds 4' per sec., and the margin surface velocity (v^) is always very 
small, say less than *5 foot per sec With these values, and taking g es 32, the rise 
at the centre might be expected to be— 

W - *^b*> -r-2g= {4» - (i)»} -^64 = (1 - ,y) feet = 3 inches nearly, 
a quantity so large, that it could not fail to be discovered on actual triaL 

But on actual trial, it was found, on the contrary, that the quantity to be measured, 
the Rise at the centre was certainly a very small quantity ; (if indeed possessing 
any real existence.) 

3b. Delicacy of the observation. — The whole water-surface being in a 
constant state of small but rapid oscillation, and also possibly of gentle oscillation of 
long period, renders the measurement of small differences of level between different 
parts of its surface extremely difficult And for reasons similar to those given in 
Ch. Vn, 2a. 

** The Water-level must be taken simultaneoutiy at the centre and banks ", (1), 

and also— 

''The Water-levels sought are the means of the "highest maxima" and '* lowest 

minima" recorded within the same short interval (say half a minute)", (2). 

Again, it is clear that, inasmuch as irregularities of the banks are themselves cap- 
able of producing backwaters and eddies, and possible variations of surface-level, the 
Experiment ought to be tried in a long uniform straight reach with regular hanks, 

[The Sol&nf Embankment is an unusually favorable Reach for this purpose, {see 
Ch. ni, 9 :) the Experiment was performed at the Main Site, at which nearly all the 
velocity- work was done]. 

The determination of the water-level at the centre is a matter of very great diffi- 
culty, it being difficult to define the position of the point on the surface (which is to 
be observed from the banks) without actually touching, and thereby considerably 
ruffling the water-surface to an extent likely to mask the phenomenon sought. Even 
with the aid of a Bridge, it would be a matter of great difficulty, but the difficulty is 
much increased if no Bridge bo available. 

[The author has not been able to obtain access to any works explaining how other 
Experimenters have attempted this. None of the Canal Bridges near Roorkee were 
available for this purpose, as their Piers and towing paths completely destroy the gen- 
eral regularity of the motion of the water]. 

4. Experiment, (PI. X, 1, 2, 3).— la the absence of the aid of a 
Bridge, the mode adopted was as follows : — 

* ThlB snppoeltion was nooeptcd in the Mlselasippi Report (p. 303). 
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A thin (I" ^rth) wire rope was stnuned tightly across the Canal at the SoUnf 
Embankment Main Site, the straining being effected with the straining screws (shown 
at S', S") nsed for straining telegraph wires. A small brass " saddle" (m) was fitted 
to slide along the wire, carrying two brass clamps suitable for gripping Levelling 
Staves. Two ordinary Levelling Staves (graduated to -01 of a foot) (CV, Cc") 6' 
long were carried by these clamps, and being of eqaal weight balanced each other, one 
on each side of the Wire Hope ; one staff facing fall to either bank. Two thin strips 
of sheet brass (c'jc""), 6^ long by 1^" wide by -^ thick, graduated on one side pre- 
cisely like a Levelling Staff, were screwed on to the feet of the staves, in snch a way 
that their gradoated faces appeared like contijMutliont of the graduated faces of the 
Staves ( Iig, 3), and continued downwards below their zeros. When in position for nse, 
the Staves were clamped in such a position that the two thin brass Strips dipped 
abont ^ into the water, and were tamed with their thin edges to the current 

The arrangements for taking at the same time the " highest maximum " and " lowest 
minimnm " water-levels at the centre c', o", and at both banks, B', B* will now be 
nnderstood from the Diagrams, (PI. X, 1, 2.) 

S'S'' is the Wire-Rope. Ce\ C V is the pair of Levelling Staves balanced on either 
side of the Wire at mid-channel m, e\ o' are the thin brass strips dipping into the 
water. B'B* is the water-surface. 

T', T* are two theodolites placed on the banks opposite to the Staves C, CT, with 
their telescopes pointed down to the water-snrface at c', c' respectively. 

L', L" are two Levels in good adjustment at 100' down-stream, carefully levelled 
and pointed towards the Staves C, C respectively. 

B', B' are two of the thin Sheet Brass Foot-Rules described in Gh. V, 7a, placed on 
the top of the highest wetted step on each bank, with their thin edges to the cnrrent, 
wherewith to measure the height of the water-surface above the step in question. 

Field-work. Six Observers worked* in concert, viz., one at each Theodolite tele- 
scope T, T* ; one at each Level L^ L"; and one at each Foot-Role fi', B'. 

All f onr telescopes T', T*, L', L' having been caref ally f ocussed, the six Observers 
applied themselves at a given signal to their several Instruments (T', T*, L', L', B', 
B*), and obtained first the approximate readings. After which two more signals 
were given at about one half minute interval, within which space of time each Ob- 
server recorded the *< highest maximum ", and *' lowest minimum " reading. 

This operation was repeated many times in succession. Lastly, Levelling Staves 
being placed on the top of the Bench-marks at B', B', both Levels were directed in 
snccession on lath Stavea and the readings taken. 

All the data requisite are now obtained. 
Let H^ = reading of Staff upon Step B^ as read from Level 1/, \ the single ac- 
„ y = reading of brass Foot-Rule at B', I cents ref er- 

„ C = reading of Staff C as read from Level L', f ring to th e 

„ e* = reading on strip at foot of Staff C as seen from theodolite T^, ] Left Bank, 
and let the same symbols with double accents refer to the Right Bank. 

* The Buthor's acknowledgments are dae to the Staff and Stndenti of the Thomaaon 0. E. College, 
who aoaisted in this diiBoolt Bzperimcnt, viz., to Messrs. C. C. SnUivan, J. H. Fairley, J. Low, and 
W. Hay. Head and Aast. Maaten of the Upper Snbordinaie Claas ; and to Mr* J. T. Faxrant, Mr. 
W. ▲. B. SwlnnertoD, and B4b6 BattA LU, Students of the Bngr. Claas. 
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Then it is dear that, (9ee PL XX, 11>^ 

Bf '' hf =s depression of water-sarface at Bank B'> below the lerel plane ( (3a), 

(y -^ ef =1 depression of water-enrface at centre Qf) defined by the Leyel L' ( (3(), 

/. (H'-A0"(C+O = Elevation of water-snrface at centre </ above water* 

surface at left bank B^ (^)» 

and (IT- A*^ - (Cr+ c') = Elevation of water-snrface at centre (T above water- 
snrface at right bank B*, (4&), 

it being understood that k% (X, c* ; K'^ 0", O <^^ ^^ ^^^ <^^® ^^ arithmetic mean 
of the *' highest maximnm ", and *' lowest minimnm ", observed within the iame 
hay minute. 

The Resnlts above obtained are affected by the personal equations of the Observers, 
and bj any imperfections in the Instruments J/, L". To eliminate any error hence 
arising, after a given number of operations, the Observers doing similar work on 
opposite banks changed places (i.tf., T' with T*, L' with L", B' with B"^ carrying 
their Insirumenti with them ; and an equal number of observations were made in 
their new positions, ending as before with reading Staves placed on both Bench- 
marks B', B** from both Levels. 

From the symmetry of the geometric figures on either side about the axis of the 
stream (jee Plan), and from the mode of interchange of Observers and Instruments, 
it is believed that the effects of " personal equation " and of instrumental errors must 
be eliminated from the mean of the whole. 

4a* Trial.— The Experiment was tried on two different days, viz., 
12 times on each bank on I9th May 1877,1^ in the early morning 
24 times on each bank on 28rd June 1877,) on both occasions. 

[Eveiy possible care was taken to make the whole of the Observations trustworthy. 
Both Levels were excellent 2(nn8tmments : their adjustments were tested just before 
each Experiment, and an additional Assistant watdied the coRectneas of position 
of the bubble of the spirlt-leyel inthfug iKe^ whoh time that readin§s were heinf 

The Experiment was a very tedious and difilcnlt one^ The rush of water past the 
feet of the central Staves carried the Staves slightly out of the perpendicular, and 
the water stood a little higher at the np-stream edge than at the down-stream edge of 
their feet : the water-level was always taken at the down-streasa edge. 

Again, small weeds repeatedly canght in the feet of the central Staves, and caused 
so much disturbance of the water as to render further reading useless until the weeds 
were freed. Every time this occurred a boat had to be sent out to free the weeda : the 
disentangling of the weeds gave a jerk to the wire-rop^ setting it oscillating violently : 
no further readings could be taken till the oscillation from tiliis cause subsided. 

[In consequence again of the Experiments being done in the early morning, the Staff 
(y facing the East (or left) bank was in much better light than the Staff C facing 
the West (or right bank) ; the foot e" of the Staff C being in shadow, it was diffi- 
cult to see clearly where the water cut it An attempt was made to light up the 
foot c" of the Staff C with a hellostat, but the sky was cloudy on both occaaioos, 
and the attempt failed]. 

The details of the Data and Results are given in Tab. LXXVII» LXXVIIX : «n 
Abstract of the Uesnlts is given in Table below. 
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It will be Been that the Resalts are rexy variable and contradictory ; some giving 
elevations (shown by the + sign) some depression (shown by the - sign) of the sur- 
face at the centre above that at the banks ; bnt agreeing in showing a (small) Depbes- 
aiON as the average rendt on both dajs. 

[The detailed Besnlts cannot of course pretend to aocnracy in the third place of 
decimals: bat the Means (black letter fignres) are probably very approximate 
Average valaea. The magnitude of the Oscillations of the water-level is of course 
the great difficulty. 

The surface-velocities shown were na^faAm at the fjm«,btit are average values such 
aa would usually correspond to the d^th]. 

S. Sorface^Gonyezity doabtfalw— The remarkable Besnlt of the two 
Experiments just detailed, done with every possible care, viz., a small 
Dbfbbssion at the centre, as the average Result of both.day's work, can- 
not fail to throw doubt on the correctness of the Theory which leads to 
the expectation of conyexity of the surface. The Depression is perhaps 
too small— KX)nsidering the difficulty of the Experiment— to admit of 
the expectation of surface-concavity as a general Rule : but the absence 
of conyexity an the average is at any rate clear. It may be fairly con- 
cluded that— 

** The sur&ce of water in motion in a long straight Beach with prettjr uniform 

Banks is— on the average— nearly level across 'V - • V^)* 
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FA.RT II. 

OHAPTBE IX. 
SUBSURFACE VELOCITY INSTRUMENTS. 

iV</teM.— Fall details of the oonatniction oft nse of, and ol^ectlonB to, the Doable-Float are g\^na 
in this Chapter. Thoee who do not regalre sach fall detail ahoold read only Art* 1, 2a, i, 7, 9, 9a» 
&1S. 

1. Subsnrface-Velocity. — The meaBarement of the Telocity at any 
point beneath the snrface is the first step towards obtaining an experi- 
mental knowledge of the subsurface motion. The measurement is 
unfortunately attended with great practical difficulties. Many different 
Instruments, of which a brief description will be found in Weisbach's 
Mechanics of Engineering, Vol. I, Art. 378, et seq,, and in the Missis- 
sippi Report, page 202, et seq.^ have been proposed for this purpose, but 
none of them can be said to be quite satisfactory, being all open to vari- 
ous serious objections. 

The only ones which have met with extended use are the three fol- 
lowing : — 

i. Double-Float, nsed in the Mississippi, Lake Rirer, Connecticnt, Irra- 

waddi, and Roorkee Experiments. 
iL CuBBBNT-MflTBB, nsed in the Lake River, Rhine, Elbe, La Plata, and 

Connecticnt Experiments, 
iii. Pitot's TiTBB, nsed in the Darcy-Basin Experiments, (small scale.) 

The description of, and discussion about the use of, the Double-Float 
will occupy the rest of this Chapter. 

2. Double-Floats— This Instrunient is made of many various patterns 
and sizes, but consists essentially of only three parts, viz., a heavy Sub- 
Float attached to a light Surface-Float, by a thin cord or wire, which 
will for shortness be called the Gonnbotob. 

On being abandoned to the current, the heavy Sub-Float gradually 
sinks until it draws the Conkeotob taut, and by its means receives the 
requisite support from the Surface-Float, after which the motion of 
the Instrument is for a time irregular : after a time it attains a state of 
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relative eqnilibrium, and finally moves with a "terminal velocity ", which 
is the resnltant action of the current on its several parts. This (terminal) 
velocity is the velocity to be observed. 

The deduction of the velocity at a point beneath the surface from the 
(observed) velocity of such an Instrument, requires in strictness that the 
relative current-actions on its several parts should be separately known, a 
Problem more difficult than the one in hand. An approximate deduction 
of the subsurface velocity may, however, be made with this Instrument 
by so proportioning the size, shape, and physical state of its several parts, 
that the current-action on the Connector may be relatively negligible 
(compared with the action on the Sub-Float), and that the current-action 

on the Surface-Float may be either— 

1^, relatively negligible compared with the action on the Sab-Float. 
2?, related to the action on the Snb-Float in a known manner, so as to admit of 
elimination (by calcnlation). 

2a. Ordinahy, and Twin Patterns. — This last consideration gives 
rise to two essentially different patterns of Double-Float, differing radi- 
cally only in the relative size of the Surface-Float, viz.-* 

1^ Ordinary (with small snrface-float). In this— which is the ordinary 
type— the Surface-Float is m§de of the smallest size compatible with the 
varions practical requisites, so that the current-action on it may be, if pos- 
sible, relatirely negligible, (compared with the action on the Sub-Float) 
2°. Twin-Floats. In this form the Sub-Float and submerged parts of the Sur- 
face-Float are made of the same size, shape, and condition of surface. This 
renders possible the calculation* and elimination of the current-action on the 
Surface-Float, 
2b. Twin-Floats rejected.— The first pattern (with small Surface-Float) is 
the only one which has been extensiyely used. As, howerer, the Double-Float was the 
Instrument selected (for subsurface relocity-measurement) in the present Experiments, 
it seemed of great importance to gire both patterns a fair trial. Some pretty exten- 
siye comparative Experiments were, therefore, undertaken at an early period of the work 
(March 1875) with every possilie precaution to make the Test a fair yet crucial one. 

Experiment, The Instruments to be tested (for detailed description, see Art 40, 
48 of 1874-75 Report) were prepared so as to be as nearly as possible alike in all res- 
/wcff, except the essential points of dissimilarity, riz., size of f^urf ace-Float, and weight 
of Sub-Float. The Experiments consisted of repeated yelocity-measurements done 
one by one with each Instrument in turn in rapid secession, (so as to secure close 
similarity of the " External Conditions",) viz.— 

156 trials of each at 6' depth, in water from 6''6 to 7'*55 deep, 

* It Is shown in Art. 49 of the 1874-75 Report, that npon a certain Theory of cnrrent-preamire 
the Snbsarf ace Velocity («) is glyen by the idmple ezpreesion v = 2t( - roi where tt = Teloci^ of 
Instrnment, Vq = snrfacc-Tclocity. 
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eOtrifllB of each at eveiy f oot of depth firom 1' to 9' deep (or 540 friab in all), 
in water from 9''25 to 9*'50 deep, 
all the trials being at mid-channel, (in which line accidental deTiations to right or left 
affect the remit least) Full details of these trials will be found in Art 55, 56, 65 of 
the 1874-75 Beport 

The general conclasions arrived at were, in retpect to ike pattarm tried^ 

L Ordinary, ** The sarface-action on snrface-float is by no means inap* 
preciable" (1), 

iL Thfin-I^loatB. " The snrface-action is over-estimated, and the elimination 

errs in excess " ^ (2). 

As far as regards effect of snrface-action then, the two Instruments are probablj on 
a par. Bat the " nnsteadj motion " of the water introdaces special difficnlties detailed 
below in the nse of the Twin-Floats. 

OhjecHoM to Twif^Floats, The elimination of the surface-action reqnires^^M 
Art 49 of 1874-75 Report — a knowledge of the surface-velocity in the very path 
traversed ly the upper of the Tioin^Floate, Were the motion of the water *< steady ", 
it would suffice to measure the surface-velocity a little before or after the passage of 
the *< Twin-Floats". But, in consequence of the great variation (Ch. VI, 4) of the 
motion of the water, it is further necessary that this surface velocity-measurement 
should be effected at the tame phase of its variation as that in which the observation 
of velocity of the "Twin Balls" is made. To secure strict coincidence either of 
path or of phase is of course impossible ; but real approximation, especially to the 
latter (on account of the rapid variation of the motion) seems essential to any useful 
result An attempt was made to secure this by throwing the " Twin-Floats " and the 
Snrf ace-Float from the upper boat at such an interval as to reach the Upper Rope 
nearly together, and therefore pass through the ** Run " nearly at same time. The 
motion of the water varies, however, so rapidly, that it seems certain that the requisite 
approximation to similarity of phase was not, and in practice cannot be, secured, from 
which it follows that — 

" The result deduced from a single observation with this Instrument is not a fair 

approximation to the actual subsurface velocity along the path of the Sub-Float 

at the actual time of its passage", (3). 

The average of a great many results would of course give the requisite approxima- 
tion to similarity of phase, because it would in effect be derived from the Average 
Velocities of both Instraments, (Twin-Floats and Surface-Float,) which are of coarse 
comparable, (Ch. VI, 4a.) 

Again, in Experiments near the banks (where the surface-motion is irregular), it 
would seldom happen that both of the Instraments, even when thrown as above des- 
cribed, — i*e,f so as to reach the upper rope nearly together — would traverse the'* Run " 
without undue deviation of one or other of them from the proper line, which vitiated 
that triaL This led to quite undue waste of time. 

On account of these difficulties in the use of the Twin-Floats due to the unsteady 
motion of the water, coupled with the fact that the elimination of the snrface-action 
depends upon a by no means certain Theory, (see Art 49 of 1874-5 Report,) it was 
decided not to use this Instrument further. Thus the "ordinary" pattern, t.e., with 
small surface-float was adopted for the present Experiments, and was ezolusively need 
for subsurface velocity-measurement. 



AuT. 3 — i. 145 

8* DoublO-Floaty HiSTOBT*.-*-The earliest known snggestion of the Doublb- 
Float is bjfLeonardo da Vinci (preyioas to 164S) in form of a slender stick with a 
mass of stones (as Snb-Float) at one end, and a light mass as (Sarface-Float) at the 
other : bnt it does not appear whether he applied it to practical velotnty-measarement. 
The earliest record of the practical use of the Donble-Float in its modem form is by 
{Marriotte (previons to 1684), in form of two balls of wax connected bj a thread, one 
of which was loaded with small stones to make it sink. 

The onlj material improvement since his time has been the enlarging the size of 
the 8ab-Float, and redndng that of the Snrface-Float as much as possible. Since 
Maniotte's time to that of Dabaat (1779), the ^^ Donble-Float" was one of the 
principal Instruments bj which a rough idea of the Tariation of velocity from sur- 
face to bed on the same vertical was obtained. 

It has in this way coniributati perhapg more than any other Instrument to the dis- 
proof of the notion (generally accepted in 1760) that the velocity at different points on 
the same vertical in an open channel followed the law of efflux from small holes in 
the side of a tall vessel kept cons tantly full, (known as Torricelli's Theorem : its 
symbolic expression is v s i^/ ^9^)* ^ot fully a century after Marriotte's time this 
notion (founded on a supposed but false analogy) proved the most complete hindrance 
to the advance of the science of Hydraulics ; the Double-Float has certainly done 
one good service in disproving this notion. 

In modem times the Double-Float appears to have been almost given up in Europe, 
but it has been largely and successfully employed in America, viz., in the Mississippi 
(1851^'58) and Connecticut (1874> Experiments, and also in India, vis., in the Irra- 
waddi (1872—79) and Boorkee Experiments (1874—79). 

4. Bouble-Floaty Essentials of. — The followiog are the Special Con- 
ditions to be falfiUed in a good Double-Float of the ordinary kind t.0., 
jrith small snrface-float), in addition to the ''General Conditions'' 
((3h. lY, 6) common to every Float, several of which are here repeated 
in the special forms which they take with this Instrument. 
1^ As to the Subfaob-Float — 
(a), The part exposed to wind should be the least possible consistent with the 

function of serving as a *' marker "» 
(6), The submerged part should be the least possible, so that the surface cur- 
rent-action on it may be relatively negligibU, 
(c), and yet it should have excess of buoyancy (above that required for the 
mere support of the Connector and Sub-Float) sufficient to bring it 
quickly to the surface after any accidental submergence, so that it nuy 
properly serve its function as a marker. 

2^. As to the CONNBOTOB^ 

(a). It should be the thinnest possible, so that the cnrrent^bction on it may be 
relatively negliyibU, 

• The matter of this Article hM teen UndlyfnniiRhed to thaaafehorbj Mr. B.G<x^^ 
Intandeot of tbe Irraweddi Bxperimente. 
t ** Bel Moto e Mianradeiraoqiaa "» B. II, 4S, In ** BaooolU d'Antori ItalhuBi, kCn" Bologna, ItM. 
t Harrlotce, Da Moavement dee Banz, p. 277. 

U 
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{b), bat flhonld be etzong enough to bear the weight of the Siib-Float in air, 

together with an occasional jerk. 
8^. As to the Sub-Float— 
(a), It ehonld be relatively of large eiie^ (t.^., compared with the other parts, 

80 that the coirent-action on it may greatl j exceed the actions on those 

parts,) 
(ft), bat shoald not exceed a certain small size snch that the Telodtj of the 

corrent is sensibly constant thronghoat its extent, the smaller the better. 
[The maximnm admitted in these Experiments was 8* x 3^. 
(c), It shoald be of sofflcient mean specific gravity to sink rapidly to the foil 

length of the Connector, 
(<0, and also to maintain itself at a nearly constant depth, in spite of upward 

eddies or carrents. 
(«), It shoald be so ballasted (if not of spherical shape) as to possess stability 

sofflcient to prevent its being tilted by the poll of the Connector, so moch 

as to sensibly redooe the Area exposed to the Coirent. 

Of the above '* special oonditioDs *\ Nob. Voj b (of the Surfaoe-Float), 
No. 2''a (of the Connector), and Nos. d^a, b, d, e (of the 8nb-Float) are 
essential to the requisite delicacy of the Instmment, eapecialltf Nos. 1^6, 
2^0, 8*a, d, e which are simply all mpartant. Nos. l^c (of the Surface- 
Float), 2^5 (of the Connector), and S^c (of the Sub-Float) are practical 
conditions essential to the convenient working of the Instrument, and 
are, therefore, nearly as important as the preceding. 

The simultaneous fulfilment of all these Conditions is a matter of great 
difficulty, especially when an attempt is made to fulfil No. 8^6 of making 
the Sub-Float the smallest possible. In fact it is clear that several of 
the Conditions are inc<m8i8tent. 

[Thos Nos. l^a, b are inconsiBtent with 1% and also with 8^^, d ; Nos. d*a, h are 
also mntoally inconsistent, so that their ** ensemble " can only be partially f olfiUed 
by a compromise, and the best Instroment will be that in which this compromise 
is most skilfally made]. 

6* Vrecautitnu in iM«.«-When the Doable-Float is thrown into the corrent, the 
Surface-Float and Sob-Float more at first independently : but the Sob-Float grado- 
ally sinks ontil it draws the Connector taot, thereby giTing the Sorface-Float a 
considerable jerk which is (or may be) vmhltfrom the shore : after this the Sob-Float 
and Connector gradoally modify the motion of the Sorface-Float, thereby commoni- 
cating to it a series of slight jerks— which are (or may be) vidble from the bank^ 
which gradoally die away : finally a sUte of relatiye eqoilibriom is attained, on whidi 
the jerking motion ceases. After this the Instroment is ** in proper tnin " for obser- 
▼ation. All the stages of inegolar motion shoald of ooorse take place before the 
lostmment reaches the Upper Hope, so that it may enter the Bon ^ in proper 
train/' 

The attainment of this stage of ooorse takes time, and longer and longer as the 
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length of Connector is increased, in conseqaence of the time required for the Snb- 
FloAtto sink to its final depth. Hence the Dead Rnn (or distance from Upper 
Boat to Upper Rope) mnst be gradoally increased as the depth to which the Sab- 
Float has to sink is increased. 

[In the present Bxperiments the jerking motion of the Snrfaoe-Float above men- 
tioned was generally visible from the shore. The Observers had instmetions not to 
record the passage of anj Doable-Float not known to be ** in proper train " as evi* 
denced bj the setting in and final cessation of the jerking. 

£ven after the jerking has ceased, the coutinnance of control of the Sab-Float 
over the Saxfaoe-Float causes a slight roffling of the water roand the Snrfaoe-Float 
(which does not exist with a detached Snrface-Float) : this was often visible from the 
shore on calm days when the water^nrface was smooth. As to the actoal length of 
Dead Ron used, gee Ch. IV, 23]. 

6. Advene Opinions^— It will be clear from what precedes that no 
Double- Float of the ordinary kind (i.e., with small Snrface-FIoat) can 
be at all a perfect Instrument, bat must give snbsnrface velocity-measare- 
ments affected by the current-actions on both the Snrface-Float and 
Connector. This would be of little practical importance if the approxi- 
mation were sufficient. 

This is a point on which there is unfortunately much disagreement 
among hydraulicians. Borne go so far as to say that the Instrument is 
utterly untrustworthy. As this Instrument was the one adopted in these 
Experiments for all subsurface velocity-measurement, it seems right 
to state fairly the objections that have been made, and to endearor to 
meet them. 

One of the most vigorons condemnations of the Donble-Float is that of Mr. R^vy^ 
who after detailing his objections to it--comment8 thns (p. 8 of B6vy Beport) npon 
the Mississippi Survey — 

** The engineers of that survey relied entirely on floats, and we connder it a mis- 
fortnne to science and to practical engineering that so mnch ability^ perseverance, and 
time should have been spent to obtain results which the nnfortunate choice of floats 
has inconveniently marred and confused ". 

Again, in respect to the Koorkee Experiments of 1874-5 (pub. in 1874-5 Beport), 
Mr. R^vy thus expresses himself in a criticism communicated to the author on 15th 
July 1876— 

" Mr. S6vy believes Capt. Cunningham's observations of oonsiderable negative valoe. 
His experiments show — with still greater force than those on the MissiaBippi— that 
floats are a hopeless contrivance to disentangle the laws which govern the movement 
of water in confined or in open channels ". 

Both Double-Floats and Cunent-Meters were nsed on the American Lake River 
Survey. The opinion of the Experimenter was wholly adverse to the Double-Float, 
(Lake River Beport of 1869, p. 568,) but this opinion was not upheld by the Chief 
Engineer reviewing the work, (same Work, pp. 620— 628> 
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The weight of the opinions adverse to the Doable*Float is consider- 
ably reduced by the fact that some of the principal objectors (0.^., Mr. 
•Bazin and R^yy) have not themselves had much experience with it. 

Thus Mr. R^yy's objections (pp. 4 to 8 of R^vy Expts.) are based solely on speca- 
latiyo grounds (i.^., not on actaal experience), and are prefaced with the statement 
(i*., p. 4)- 

" We had a natural ayersion to floats as a means to determine the cnirent of a 
ciyer. It appeared to ns a readv-iongh way to obserye cnrrents *\ 

Again, Mr. Bazin's pnblished objections (pp. 828—848 of ^Discussion, &c.,'0 
are based on the disagreement of certain resnks of the Mississippi and Irrawaddi 
Experiments (done with the Double-Float) from the results of like kind of the 
European Experiments (done with Current-Meters and Bitot's Tube). Mr. Bazin 
seems inclined to attribute all the disagreements to the faults of the Double-Float, 
without apparently making any allowance for the chance that some, at any rate, of 
the diyergences in question are perhaps those realty exUting between mighty rivers 
with small surface-slope (like the Mississippi and Irrawaddi) and small rivers and 
small canals with large surface-slope (like those of the European Experiments). 

Howeyer, Mr. Bazin has withdrawn some of these objections in a communication 
to the author of 2lBt April 1877, in following terms :^ 

** I do not condemn the Double-Floats so absolutely as you seem to think. Under 
conditions of moderate depth and velocity, they certainly work well : bnt with large 
velocities and great depths we cannot really tell (at least I am led to think so) what 
becomes of these Floats. The Experiments on the Connecticut River, in which the 
Double-Floats have worked well, are not in accord with those of the Mississippi 
However this may be, there is herein, it seems to me, an obscurity to be cleared up **. 

7. Opinions in favor.— On the other hand some of those who have 
had large experience with the Doable-Float have selected it after trial 
of other Inetrumenta. 

JUiuiuippi Report, (p'^^') About subsurface velocity-measorement, it is stated — 

*' Of all tiie methods known for determining this quantity, that by double floats 
was found to give the best results. A few measurements of the yelodtj of tributary 
streams, where both banks were submerged, were made with a ship's log ; and some 
few observations were taken at the mouth of the riyer with Saxton's current-meter ; 
bnt for all other yelocity observations, the double float was exclusively used **. 

And again (on p. 225)— *< Only double floats were found to give reliable results ". 

Connecticut Report, Both Double-Floats and Current-Meters (of two patterns) 
were eactennvdy ueed (partly in consequence of the controversy about the Double- 
Float), so that the opinions published are of unusual weight It is stated (Report 
(of 1875, p. 806 $ or of 1878, p. 807)— 

*'In the ganging of the Connecticut at Thompsonville, both floats and meters 
have been used with satisfactory results "• * 

And again (p. 805, or p. 806 of Works qnoted)— 

" Double-floats, all things considered, have proved to be the most reliable means of 
measuring subsurface velocities where a sufflcientiy uniform channel can be fonnd 
in which to use them. The apparatus is cheap and simple, and the results apparent, 
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admitting of no onperoeived large error. It can be used at all velodtieB, measnrmg 
aocorately even the smallest cnrrents ; and the beet experiments and data -known in 
riyer hjdraolics hare been made with it ". 

Can there be higher praise than this, coming from Experimenters who 
have extensively used both Instruments ? 

[It was this opinion, pnbliBhed in 1875, which seemed to the author snffldentlj 
weighty to wanant the ezdoslTe dependence on the Sab-Float in the present Ex* 
periments]. 

Again, Mr. Robt Gordon (Sapdt o£ the Lnrawaddi Experiments) writes in a note 

sent to the author on 18th April 1878— 
^^Mjownexperienoe, which has been very great on the largest scale, is in favor of 

the Doable-Float". 

8. Detailed ObjectionSd— The only— and it mnst be admitted that 
some are yerj serions— objections to the nse of the Doable- Float en 
the scare of inaccuracy seem to be the eight following : — 

i. Lateral Deviation of Sab*Float. 

ii. Smrface-Float Resistance, 

iit Conneclor-Redstance. 

iv. Lift of Sab-Float due to its lateral deviation. 

V. Lift of Sab.Float doe to its •* lag " or " lead ". 

vL Lift of Sab-Float dae to corvatore of Connector, 

vii. InstabiUty of Sab-Float 

viii. Tilt of the Sab-Float (when non-spherical). 

It will be well to examine these in detail. 

[The Articles in which these Faalts are discassed bear— for ready reference— the 
same sabordinate nambering (i^viii) as in the above nameration]. 

8^ L Deviation of ^aft-fZoo^.— Lateral Coirents are apt to cause a lateral 
aeparation between the paths of the Surface and Sab-Float. The Sab-Float being 
nsaally oat of sight, the question of the Instmment passing through the Bun in 
*' fair coarse ", and also the podtion (distance to right or left of the cuirent-axis) of 
the Float-path of the Sub-Float, which is what is really required, can only be judged 
from the (visible) Surfaoe-Floa^ thus introdndng an element of uncertainty into 
both questions. 

This uncertainty is of little importance so long as the lateral separation of the 
Surface and Sub-Float does not carry them into planes in which the velocity at the 
same level is sensibly different : thus it is of little importance at and near mid-chan- 
nel, but becomes of more importance with approach to the banks, and is of most 
importance dose to the banks, inasmuch as near the banks a small Deviation of the 
Sub-Float from the Float-Course indicated by the Surface-Float carries it into stream- 
lines of sensibly different velocity. 

Nothing is knovm for certain as to whether this effect increases with the depth or 
not 

8^ iL Burfaoe^Float Jleoiitanee.'^-The snrfaoe-action on the Surface-Float aeeel' 
erateo or retards the Sub-Float according as the surfiM^velodty is greater or leu than 
the velocity of the stratum in which the Sub-Float moves. This effect la nsnally 
greatest when the Sub-Float is near the bed where the velocity is least 
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^ iy ft iL JJJEdMfif of Swi'FloaL'^Whai the Sniface-FIoftt exposeB a modi 
smaller area to the cnneat than the Sob-Float, both effects, just described, ▼!&, 

i, Lateral Separation, and ii, Acceleration or Retardation, 
are comparatiTelj small. The experimental eyidence that in a w€U designed Instm- 
ment the Sab-Float does really efficiently control the Snrface-Float is really pretty 
considerable. 

1*. MieeiMsippi Report (p. 224). As to the 8nb-Float it is stated— 

** its size was so mnch greater than that of the SnrCace float, that the latter did 
not sensibly affect the rate of moyement This assumption was tested by 
placing the apparatus in Stillwater daring a high wind, and also by noticing 
the direction of the paths of the fioato dqring a gale blowing direcUy acroM 
the riyer. No wind effect of consequence could be detected in either case ". 
V, Present Ettpert*. The Donble-Floate were tried scTeral times ehee to the 
verHeal wall of the central Pier of ihe SoUai Aqnedoct (PL JI, 4), in 
dear states of the water, in which the Sub-Float could be seen down to a 
depth of about 6' or 7'. The ** lateral separation " was never seen to exceed 
about 2' when the Instrument was "in train", (Art 5,) an nnimportant 
quantity. 

Again, in the Experimento on the vertical close to that Pier, (only 7'i off the 
Pier, see Set, 29, 30, PL XVI,) it was found that there was a strongly nuurked 
set of the surface water away from the bank, so strong that— even with the 
use of a Run of only 12'i— as many as 100 snrface-floate were sometimes 
thrown before the standard number of three running in ^ fair course*' (neariy 
parallel to the bank) was secured. With the Double-Floato on the other 
hand, there was no such frequent ** deviation '' from running in ** fair course " 
at depths greater than 1'. The proportion that failed to run <*fair" out 
of the whole number thrown was not unusually large in spite of the snr&ce- 
enrrent tending to carry the surfaofr>float away from the bank. 
S^ Oeean Ciremlation Evidonee {see Art 63 of Dr. W. B. Carpenter's ^In- 
quiries* on Oceanic (^ireolatioii"). The existence of an under-current in the 
Bosphorus was proved by experiment with a ^ Current Drag ", which consisted 
of a pair of vanes at right angles, so loaded and tied to the Connector as to 
hang vertically. In an Experiment on 2l8t August 1872 with a snrfaoe- 
cnrrent outwards of 8| knote per hour, and N.E. Wind of force 4, tfaa 
motion of the Drag was found to be contrary to tkeswfaoe-enrrent. It is 
stated— 

** When the cnnent-dxag was lowered to a depth, afterwards aasomed to be 90 
fathoms, it at once rushed violently away against the sur&oe-etream, the 
laige buoy and a small one being pulled completely under water, the third 
alone remaining visible. It was a wondeifnl sight to see this series of floate 
tearing through tiie water to windward. The steanwentter had to go full 
speed to keep pace with it ". 
This last evidence is particularly valuable, being from an Bxperiment onconneeled 
with Ctaul or River Hydraulics. It may be assumed, therefore, that— 

" The surfacsHMStion on a well designed Donhle-Float is relatively small "f.(4). 
This is admitted also by Mr. Basin (p. 828 of •* Diacnssion"). 



* pnb, in Vtoega. of fiojal Geographical Booiety of lit Jans 1874 
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Sf iii* Connwtor SeiUtanee.'^The Connector is always made as thin as possible, 
so tliat the corrent-action on it maj be redaced to a minimnm. Bat, however thin 
it be made, its area exposed to both direct and lateral corrent-action increases as 
its length, so that the effidencj o£ the Instmment deoreaaes on this score alone with 
^e depth of immeriion of the Sab-Float 

This faolt— insensible at small depths ^becomes most serions at great depths : 
It is in fact by far the most serions faalt of the Instmment, and yet corionsly enough 
was one of the last to attract attention. 

[It seems to have been bat little noticed nntil after the Mississippi Experiments, 
when it was pointed out by Mr. Bazin (Discussion, p. 328) that in the Donble-Float 
nsed in those Experiments in which the Connector is stated to have been of •^•inch 
thickness (Miss. Report, p. 224), the Areas of Connector and Snb-Float directly exposed 
to cnirent-action were — when in nse at the maximum depth of lOO'^in the ratio 

Area of Cronnector = H X Area of Snb-Float, 
80 that the actual Telocity of the Instmment could hare been no proper approxima- 
tion to the Telocity of the current at the level of the Sub-Float. 

This objection has been met* as far eu the Mietueippi ExperimeiUe qf 1851-58 are 
concerned (but not the rest) by the statement that the thickness Y^-inch giTen in the 
original Report is a misprint for ^inch]. 

8y It, t, Ti. Zift of Suh-Ploat — The three canses already discussed combine to 
lift the Sub-Float to an unknown (and therefore prejudicial; extent, tIz., 

It. Lateral Deviation cf SulhFloat, The Sub-Float moTcs to right or left of 
the path of the Surface-Float in consequence of lateral currents. 

T. Lag or Lead of Sulp-Fhat The Sub-Float lags behind or leads ahead of 
the Surface-Float according as the Telocity of the fluid stratum in which it moTes 
is less or greater than the surface-Telocity. 

tL Conneeior-JHeaietaMe, The Tsrying curxenti^ressure on different parts of 
the Connector throws it into a curTcd or cTcn sinuous f omL 

Each of these causes separately tend to make the Snb-Float moTe at a depth («') 
less than the full length (s) of the Connector : and, the real depth (#') being un- 
known, the Telocity-measurement made is necessarily attrilmted to the depth (c) 
indicated by the (known) length of the Connector. The amount of ** lift " due to 
Nos. It and t is belieTed to be small ; nothing is known as to where that due to No. 
IT is greatest : that due to No. t is greatest near the bed, where the *' lag " of the 
Sub-Float is greatest : that due to No. tI obTiously increases with the length of Con- 
nector, and therefore with the depth. 

[In the Experiments mentioned under head of " Efficiency of Sub-Float" aboTe, 
the ** Lag " or <* Lead " of the Sub-Float noTer exceeded about 4'' at the greatest 
visible depth, (about 6*,) a quantity of little importance in shortening a Tertical of 
6' depth, and was less at lesser depths. There is, howcTer, direct cTldence of the 
"Lift" amounting occasionally to as much as 6' in Ser. 14, Tab. XIII, q, o., 
wherein a Double-Float of the If Shell pattern with T Connector was ran in 6'*68 
of water, so that the centre of the Sub-Float could not haTe been more than 
6**49 immersed, (and might haTO been less immersed, if any silt had been present,) 

* H9 NotM on this point by Qml. Homphreja and Col. Fonhej, pub. at p. 972 of Um CanneetlcDt 
Beport of JS7«. 
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thus showing a *' nominal deptli " of 7' with a real depth not > 6'49, or in • other 
words, a Lift of about 6*]. 

8y Tii. ImtahUilff of Suh-Ploat. — The necessity of nsing the smallest poBsible 
Surface-Float involves nsing a Connector and Sab-Float whose " eifective weight " in 
water shall be small, and whose sinking power in water is therefore small The 
Stabilitt of the Sab-Float, i,e,, its power of retaining itself at constant depth in 
spite of occasional npward currents and variations in the upward pull of the Con- 
nector is therefore small, so that the Sab-Float is liable to move at a variable depth. 
This is a eerioos fault, because an accidental upward impulse given to the Sub-Float 
bj the irregular motion of the water would suddenly reduce the Tension of the Con- 
nector, and thereby reduce the control of the Sub-Float upon the motion of the 
Surface-Float This is most likely to happen near the bed, where the upward eddies 
are probably generated. 

8y viiL liUing of Suh* Float (if non-spherical). — A non-spherical Sab-Float 
is liable to be tilted by the pull of the Connector (if not applied at its centre of gra- 
vity), or by irregular currents out of its normal orientation : the area thereby e£Pec- 
tively exposed to current-action is liable to be so greatly reduced, that the relative 
current-actions on the Snrface*Float and Connector are no longer negligible. 

This fanlt of course does not exist in spherical.Sub-Floats, but with non-spherical 
Sub-Floats— especially those of annular or of cross ( X ) shape— it may be a veiy 
serious one ; it is partiy controllable by attaching the Connector near the centre of 
gravity of the Sub-Float, and by ballasting or loading its lower end. Tbis fault is 
also liable to increase with the depth, because the Total Current-Pressure on the 
Connector, to which its tilting action is chiefly due, increases with the depth. 

[As the Sab-Floats used in the present Experiments were all spherical, this fanlt 
need not be further alluded to]. 

9. Summary pf Objections.— It w31 be seen that most of the faults 
detailed are of greatest importance near the bed, and that those due to 
the Connector (Nos. iii and yi) increase steadily with the length of the 
Connector, and therefore with increase of depth of immersion. In fact 
these two, and No. yii, are by far the most serious faults of the Instru- 
ment. 

The first seven fanlts are inherent in the use of the Instmment, and cannot be 
entirely removed, but they may be reduced to tolerably small amounts (which is all 
that is practically required) by properly proportioning the size and weight of the 
several parts of the Instmment It is easy to see that increase of size and nett weight 
(in water) of the Sub-Float will reduce all the most serious fanlts (No& iii, n^ vii), 
and also No. viii together. 

[This of course involves increase of the Surface-Float : but this need not involve 
increase in Fanlts Nos. ii and v if the increase of size of the Sub-Float be suitable. 
Some advantage may also be got by making the Connector of very light material, so 
that it may itself require but little support from the Surface^Float This shows that 
silk thread, cord, &c, are better than wire for the Connector]. 

From the aborc follow the important Conclusions — 
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sr *< The efficiency of a given Donble-Float decreases with increase of depth of im- 
tnerrion of Sab-Float", (5). 

e " For a giren Donble-Float there is a limit of depth beyond which it ceases to 
3 give a proper approximation to the Sabsarface Velocity ", •..•.•••.•....(6). 

and, lastly, 
' '* To secnre eqoal efficiency at all depths, the Snb-Float should be increased 
both in size and nett weight as the depth increases ", (7). 

9a. Ebbultant Error. — Summing up then the effect of all these soorceB 
of Error, it is seen that the mode of ase of the Donble-Float is such that— 

'* The yelocity-measnrement («'), t. e., the obseryed velocity (v') of the Instmment 
itself, with the Bab-Float sank only to depth z\ is attribnted to the (greater) 
* nominal depth * (c) indicated by the length (s) of the Connector (s always > f), 
and is more or less affected by Snrfac^Float Action, and Connector Action ",•• .(8). 

For this reason in what follows, the depths {£) indicated by the length 
{£) of the Connector, will be styled Nominal Depth when necessary to 
distingoish them from real depths. 

10, C0NErS0T0R-LBNGTH.-*The Length (s) of the Connector which indicates 
the (Nominal) Depth (s) of the velocity-measnrement made, is measured in this 
Work from the under surface of the Snrface-Float to the centre of the Snb-Float, 
(m0 PL XI.) 

11. X -Sub-Float rbjkotkd.— Two patterns of Sub- Float were tried 
in these Experiments, viz.,-^ 

1^ Spherical, consisting of a heavy wood Ball or a loaded copper Shell 
2*. Cro88-( X ) VATTZBJXf oonsiBting of two tin Discs placed across each other 
at right angles. 

Comparative Experiments were made between the two patterns at an 
early period of the work (March 1875), and every precaution was taken 
to mahe the Test a fair yet crucial one. 

Experiment The Instroments to be tested (for detailed description, iee Art 40, 

44 of 1874-75 Report) were prepared with Snb-Floats exposing same area (a 8^ circle) 

to current. The Experiments consisted of repeated velocity-measurements dotu one 

by one with each Inetrument in tum in rapid eueeessum, (so as to secure close 

i similarity of the ** External Conditions",) viz., 

156 trials of each at 6' depth, in water from 6'*6 to 7''55 deep ; 
all the trials being at mid<hannel, (in which position accidental deviations to right or 
j left affect the result least) Full details of these trials will be found in Art 58 to 55 
of the 1874-75 Beport The general Conclusions arrived at in respect of the X -pat- 
tern were— 
'* The x-Pt^^™ Snb-Float has two fanlis, Noe. vii, viii of Art 8, viz.,— 
Fault vii. Insufficient Stability to maintain itself at constant level, 
Fauit viiL Liability to tilt, and thereby expose greatly reduced area to the 
current", ^ (9). 

X 
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ThiBie hnltB wn both pie^jr ienoosy espedally the latter 9 tiiey eoold hove been 
lemedied in part by inpfeiwing the weight of the Sob*Float } thia would have iiitoIt' 
ed an ijncreaae in the Sarfaoe-Float, whidi would have destroyed one of the pfindpal 
advantages of the InBtrnment (the use of a veiy snudl Snrfaoe-JEloat). 

This pattern of Snb-Float was aooordingly rejected, and the apherioal 
pattern finally adopted for these Experiments. 

12a Pattens adopted^— The whole of the (systematic) Subsurface 

work of the present Experiments was done with two Doable-Floats of 

same pattern, tIz., with spherical Snb-Float and disc Surface-Float, 

differing only in size and material. They will be called for shortness the 

3' DtmhU-FUfot^ at simply ^ dT Ball '\ used from 1875 to Feby. 1876. 
1|' IknOU-PUMU, Qt sunply "< 1 1' SheU *\ used from Feby. 1876 to 187a 

The V wood Ball was the one first tried, and was used with satisfac- 
tory results, as far as accuracy goes, until February 1876 : it was so in^ 
convenient in practical use on account of the hygroscopic qualities of the 
wood (causing undue absorption of water), that it was erentnaUy given 
up in favor of the l^" copper Shelly which was the only pattern in use 
from February 1876. 

[Specimens of these Donble-Floats were sent to Mr. B. Gordon (the Irrawaddi 
Experimenter) for inspection in 1878. In a note commnnicated to the aothor 00 
9th Angnst 1878, he writes— 

*^ Yonr Floats are models for analysis on a dear water regular canal "]. 

It will be seen by the comparison of dimensions of Donble-Floats nsed in Modem 
Experiments given in Art 18 and Abstract Table 2| that the small 1|' copper 
Shell finally adopted in ]876| was by no means an improvement in point of accuracy 
on the older 8* wood Ball, and was probably not nearly so accurate at the grtater 
depths, (say below 6',) in consequence of the relatiTe Area (exposed to current) of 
the Connector compared with that of the Sub-Float being increased by the reductioa 
in sise of the Sub-Float 

[This defect unfortunately escaped notice until the Experiments were nearly orer. 
It has been explained (Art 8, iii) that the probability of this defect being in any 
way important has only quite recently attracted the attention of hydranlicians. And 
it is believed that this is the first Work on Experiments with the Double-Float in 
which this defect has been submitted to calculation (gee Art 18)]. 

In working up the Results (Chap. X-<XI V) to be deduced from the Experiments, 
a Mry large alloiiancehas been made for the decrease of accuracy with the depth, 
(Art 9,) so that the Condusioos drawn will not be much affected. 

The two patterns are described below : the details being taken up in 

following order, viz., — 

Sub-Float, Surface-Float, Connector, Cost, Handling, and Frames. 

12s. S' Double-Float, (Pi- XI, l).— 5k^F2t>at This consisted of a spherical 
Ball of 8' diameter carefully turned (in a lathe) in some heayy wood— osnally Aeaeia 
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CatseMM (Hind. '<Klitir **), some Bpedmeofl of whkii are spedficaUj hMvier than 
water— with a fine hole (ma in figure) bored right throngh it for Uie introdoctioB of 
the Connector : after taming, it was boiled for eome time in hot oil to diminish the 
hjgroaoopie qoalities of the wood. Its weight was adjusted (bj experiment in still 
water) so as to sink the attached Snrfaco-Float almost flash with the water ; if too 
heavy, it was lightened bj boring oat some of its mass from one end m of the Con- 
nector-hole ; if too light it was loaded hj coonterrinking lead into a bellow bored 
out at the other end a of the Connector-hole, until the adjostment was effected, bat 
the hTgrofloopic character of the wood preyented any nicety of adjostment. 

Smrfae^Ftoai, This consisted either of a Disc of English deal about flT diameter- 
by about f thick, or (occasionally only) of a slice of cork (part of a bung) about 
8^ diameter by f thick. 

Cimneetor, This was a reiy fine brass wire (No. 80 Birmingham Wire Gauge, iflT 
thick, weighing only 2*44 grains per foot): the ends of .the wire were passed, one 
through a hole in the middle of the Surface-Float, the other throngh the fine Con- 
nector-hole (above-mentioned) in the Sub-Float ; each end was then wound twice 
or thrice round a tiny splinter of wood (A, a)^ which sufficed to prevent the wire 
fbom rstuming through the hole. 

Cett, The cost of this Instrument was about 6 aimas (or 9 pence) each. 

HandHng, The use of a wire Connector caused special difficulties in handling. 
It was found essential never to let the wire fall slack ; as when slack it commonly 
* kinked *, and the ' kinks ' proved to be points of excessive weakness. 

There was a small daily loss, due partly to breakage of wires, partly to difficulty 
in catching the Surface-Float whilst passing by the lower boat, partly to abeoxption 
of water by the Ball causing the Instrument to sink outright 

lYamei, To keep the wires taut, the Instruments were kept lying stretched at full 
length on a rough bamboo framework (Hind. ** j4farf *') with rough fittings to receive 
the Surfaoe-Floats at one end and the Balls at the other. There was a similar frame- 
work in each boat. The men who handled the Instruments were drilled to handle 
them in snch a way as never to let the wires fall slack. This of course required 
some care, but after a little practice it was found that — delicate as the Instrument may 
seem from the description—- it would bear a good deal of use with proper care. 

12b. lfJkm]A^¥l09A,(f^^^)''-Sub'Ploat This consisted of a thin spheri- 
csl Shell or hollow Ball of very thin sheet copper of No. 25 Birmingham Wire Gauge 
(= 'OST thick), formed by soldering two hemispherical shells together upon a narrow 
copper band (oe in fignre) of same thickness. A small hollow was countersunk in the 
shell at the point marked s», and a small bit of brass wire braaed across it flush with 
the exterior of the shell to give means of attaching the Connector. A small lump 
of brass was cast into the diell at the part marked a to give additional weight and 
thickness. A screw-hole ab wss bored right through the shell and the brass lump, 
and fitted with n brass screw aj, whose head when screwed home was flush with the 
exterior of the Ball, and inner end « tipped with lead sufficient to make the Ball sink 
in water. This gave the means of adjustment : as, by removing the screw, lead could 
be added or cut off as necessary. The Balls when complete weighed about 540 grains 
in air, and about dO grains in water, so that the Tension of the Connector was about 
80 grains. 
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8itrfae9'Jfbat, This consisted of a thin dice of a sound cork (such as is used for 
soda water bottles) aboat 1^ diam., and not more than i" thick. The minimam reserve 
of baojancy (i. e., excess of bnoyancj over that required for the mere support of 
tiie weight of the Connector and Sub-Float) was about 6 grains in 1876-77 : this 
was increased to about 15 grains in 1877-79. It was kept oiled to prevent absorption 
of water. 

ConMctor, This was a fine black silk thread of about -^^ thickness* in 1876-77, 
and -J^" thickness* in 1878-79 ; it was oiled at intervals to prevent absorption of 
water. 

It was attached to the Sub-Float by tying it round the small wire m above-men- 
tioned as braced across the hollow m at top of Shell, and was attached to the Surface- 
Float by passing it through a small hole in the middle thereof, and then tying it 
round a tiny splinter of wood A, which prevented its return through the hole. 

Cost, The cost of this Instrument was about one rupee (or two shillings) each. 

Vlank Trayt, (see PI. XI, 8). The use of such thin sheet copper and such thin 
silk made the Instruments somewhat delicate. To protect them from injury, and 
to keep the Connectors always stretched, Plank Tbays were made up of planking 
(of a Ught wood) about 9' wide and 1' thick, with special fittings for the Sub-Float 
and Surface-Float, to carry about 18 at once. 

For the Sub-Floats, 18 hemispherical hollows CCCC were countersunk into each 
Flank near one end in four rows CCCC of 4 and 5 alternately, just large enough to 
receive one of the Sub-Floats. A rough movable Lid L2, movable about pivots at 
the points PP was provided sufficient to cover over the whole group of 18 Sub-Floats 
at once, and protect them from external injury. 

For the Connectors, four ** Bridges " BBBB (one for each row of holes C) con- 
sisting of strips of wood about f* x |* were screwed across the Planks near the other 
end B, and 4 or 5 saw-cuts («) were made across each Bridge to receive the Connec- 
tors. The Connectors were led out from the Sub-Floats underneath the front of the 
lid, and laid at full length along the Planks and carried through the saw-cuts, each 
one through a different saw-cut, so as to be kept stretched. 

The Surface-Floats stood on edge on the Plank, close up to the Bridges : the 
distance between the centre line of each transverse row of holes C and the corre- 
sponding Bridge was made equal to the intended depth of immersion of the Sub* 
Float 

Thus each ^Plank-Tray'* held 18 Double-Floats always r«ady for work. This 
arrangement was found sufficient for their protection, and convenient in practical use. 

Handling, When in actual use the full Plank-Tray was put in the Upper Boat, 
and a similar empty Plank-Tray in the Lower Boat to receive the Instruments as 
lifted out of the water. Some care was required in throwing from the Upper Boat 
to prevent the Connectors falling slack and getting tangled; and still more care 
was required in lifting out of the water at the Lower Boat to keep the Connector from 
being frayed against the bottom or sides of the Boat There was a frequent small 
loss from fracture of the Connector from this last cause. 



• ThMB may aeem nrprlsbigly tiiln : tlMj were caiefQUy ganged bj the aathorhimidfb^ 
new borwood Boalaa, and in a Wlre-Gkuige, in preMnoe of witncemi (Llenti. 8. M, M ayooek, BJL» 
and J. H. 0« HaixiaoD, B.E.) Yeiy few Bxpecimente (only 18 in all) wne made with the thicker 
Connector. 



ABT. 12b— 18. 157 

The very ffmall Surface-Float used oonld not be easily seen from a dutanoe in 
certain states of the light : to render it mora distinct, a sxcall pledget of cotton wool 
was sometimes placed on the top of the Sorface-Float underneath the little splinter 
of wood A which retained it in its place. 

18. Modern Double-Floats, (Abstr. Table 2).— The Table quoted 
contains a brief description of all the Doable-Floats used in all the large 
modern Experiments, (Mississippi, Lake River,* Oonnecticot, Irrawaddi, 
and Roorkee,) with the dimensions and weights of their principal parts, 
and also the Areas, both actual and relative of those parts, exposed to 
current-action both direct and lateral, when in use at the maximum depth, 
(i.e., in the use most unfavorable to each.) 

The areas exposed to direct and lateral current-action (tl«., to pressure 
and to adhesion) have been estimated as follows for each of the parts, 
(the calculation is only a rough one, as the published data are in many 
cases imperfect): — 

Direct Area s Vertical projection upon a plane J_' to the axis of the cnirent, (10). 

Lateral Area s Sam of vertical projections to bath right and left npon a vertical 

plane through axis of current, 

4- horizontal projection of under surface in ease of Surface-Float, 

•f- Sum of horiiontal projections of both upper and under surfaces in case of 

Sub-Float, ^ (II). 

By this mode of calculation it will be seen that — 

Surface-Floaty Lateral Area = HorizL projection of under surface 

+ 2 X Direct Area, (Ha). 

Omn«el0r, Lateral Area=s2 x Direct Area, (11&). 

Sub-Floaty Lateral Areas Sum of horizL projections of upper and surfaces 

+ 2 X Direct Area, (lie). 

It will be seen (from the Table) that in all the cases — 

" The Suzface-Float Areas are small compared with the Sub-Float Areas, (and 
in some cases are really relatively negligible,)" (12), 

" The Connector Areas (with Connector of maximum length) are in no case less 
than ^ of the Sub-Float Areas, and are in several (four) cases large fractions at 
the latter, and in two cases actually exceed the hitter " ^ (13). 

It will now be seen that the increase of area of the Connector with 

increase of depth is the chief source of difficulty in the Design of a 

Double-Float. The best Designs in this respect appear to be the— 

Mississippi of 1858 (for use under 5' depth), CJonnecticut, and Boorkee of 1875-6 $ 
and the worst appear to be the— 

Mississippi of 1851 & 1858, Irrawaddi, and Boorkee of 1876*1878. 

* Tha Lake RItv Baporta wn« not ncdTed in tima to indnda thadaaoription of Doabla-Floati 
naedia the Table: tha pattarnBoaed wen apparently identical with thoae denribed for theHleBlMippI 
Bxpettii, (ja<Laka Biver Baportol '68, pp. 9S0, Ul), batdatidlad dimemlona aw not gimu 
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Hnmphzc^ ▲.▲«, 41 Abbot, H. L.; FhUadalplila, '61 

Snrrej of the NortheriL and North-weatem Lakes, ••• 

iBiportot Cbiflf of Ingxa., n.& ▲.for '68, Appz. XA] ; 

Heory, D. F. ; WadiHngtoii, 70 
t n n » for 70.'n, Appx. AAD] ; 

Hanty, D. F. ; Waahlngton, 70 
r •» t* n for 70-71, Appoc BB] ; 

Abbot,H.Ii.; Waahii]«ton, '70 

Fnnklin Instltate Joumali • «•• ••• 

Eaaiy, D. F.; FhiladdphSa. '71 

Hydnnlicaof Great BiYen, ••* ••* ••• t** ••• ••• 

BAry.JtJ.; London, '74 

On Biver Ganging and the Donble-Float, 
IVan Noaferaad'a Maga., YcL xm, p. 09] ; 

BobinaoDfS.W.; NewYo^'7S 

Diacossion dea expiriencea lea plna r6QenteB snr la distribntioQ des 
▼itcasea dana nn oooranti ••• ••• ••• ••■ ••# ••• 

[Annatoa dea Ponti et Chanito, Vol. Z, Pt 009] ; 

BaiIn,H.; Fari8,'75 

Theory of the Fbw of Water in Open Channels, 

Gordon, B. ; Baogooo, 7fi 

Hydranlic Experiments at Roorkee, 1874^, ••• 
[Frofl. Papen. on Ind. Bngng. Vol. 17, of '76, No, ISA] ; 

Onnntngbam, A. ; Roorkoa^ ' 76 

ImproYement of Riyen and Harbors in the States of Gonnecticnt, &&, 
[fteportot ChJaf Ot Bngxi. U. 8. A. for '76, Appz. AA, 14] ; 

WaiTBD, O • K« ; Waahlngton, 76 
t ft »• H M Appz. AA, 14] ; 

BUla, T. G. ; WailiingtoD, 76 
i n n *t ft Ap|ncAA,16|; 

Hmnplireji^ A. A. ; Waahlngton, '76 

Report of the Surveys and Ezaminationa of the Gonnecticnt River, • 
[Report of Ohlcf ot Bngra. U. 8. A. for '78, Appz.B, 14] ; 

Warren, a. K. ; Waahlngton, '70 
C tf H n », Appx. B, 14] ; 

BUia, T. G. ; Waililngton, '78 

Hydranlica of the Irra^-addi 

CBoportontheZinwaddl,PartlU.]; Go>doa,R.; Bangoon,79 

The Miaaissippi as a Silt-Bearer, 224,225 

[Van Noflteand'a Maga., Vol. XX, p. 018] ; tfcMath, B.B. ; New Yoik, '79 
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It moBt be remembeiedyhoweyery that the Fanlie (m^ir, ▼» yi. Art 9) 
dependent on this are of trifling importance at small depths, and become 
serions only at the great depths, so that the Besnlts obtained eren by the 
most fanltj of the Instrmnents (the last three) will be accurate enongh 
at all small depths, or perhaps down to mid^depth, and will decrease in 
accuracy from thence to the bed. In drawing Conclnsions from the ob- 
seryations with these InstramentSi a proper allowance should be made for 

this. 
[In respect to the present Experiments, this allowance is made in Cfhap. X— XIV]. 
14. Bouble-Floaty Oohtrotbbst. — It will be conyenient to quote 
here the following references from modem writers to the ControYersy 
on the Doable-Floaty ue Table on last page. 



CHAPTEE X. 



VERTICAL VELOCITY-CURVES. 

fl^4ie«.— This Ohaptar oontalns • detailed deecriptlon of tba Bzperimenta for dedndng YmtksA 
Vdodty-OiirTQi, with dlBciuiion of lome of the Benlta. The moat Importaat Articlee ere Art. 
1—8,6-8, 11, 18b, 16. 

1. Vertical Velocity-OorveB.— This term hsa already been defined 

(Ch. I, 9) as the-^ 

** Carre whose ordinates are the * forward yelociiies ' at all points of a Tertical 
Base-Line in any part of a channel ". 

The importance of these Carres to both Theory and Practice has 
already been explained in Ch. I, 10. 

Mnch and continaons Experiment was accordingly deyoted to obtain- 
ing data for this research. The Experiments were made at three diiSerent 
Sites (Ti2., at the Sol&ni Embankment and Twin Sol&if Aqueduct Sites) i 
<U several different verticals in each Site, and at several different depths on 
each of those yerticalsi as shown in following Tables :— 
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This giTes k Total of 46 -CurTos, (all Avenge Curres,) viz., 
28 Omrta od Ceatnl Terticn Is —fanned from S44 SbtS, 
18 Cnrrca on Non-MDCnl Vertical* — fonned from 221 Sets, 
which is beliered to b« a larger collectioa than has erer before been 
pablished. 

[Scr. Not. 1 to 4 ftod 1! were pnUithed in tha 1874-S Report {vbera the; tra 
nambcred MB, ISB, IIB, lOB, and ISBiKapecdrel;) ) Che/ are reprinted now — nith 
■oma modification— for oompIcEcneaB' aake]. 

S. Instnuoeilta. — The Telocity-meaearements were made irith the 
following Inetniraents:— 

Satfate-vebKUy. Sukfack-Float, tame u that of the Doablc-FIoitt in oaa. 
Subair/act-eelocity. Dodble-Float, (with small anrface-float,) viz., 

Sr wood Ball pattern in 1875-76, (Ch. I£, 12a). 
I|' copper Shell pattern in 1876-78, (Ch. IX, lib). 
Jffsa ttbieitg. Loaded 1' wood RoDB in 1ST4-76, (Ch. XV, 7a). 

Loaded r Tin Tcok-Eom in 1876-79, (Ch. XV, 7c). 
[Tbe preaent Chapter dealt aoUl; nith the fignre of the Currb The dm of tht 
•Eoda" will be eiplainedin Ch. XV]. 

8. Mode or resesrch. — The mode of research proposed (Ch. I, 11) 
was to measDre the "fomard 7«li>cU;" at man; points of the same 
Tertionl, e.g., at the sorface and at man; points below, thus giving th* 
valnei of many ordlnates of each Yertical Velocitj-CDrve. 
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4. Ordinate-system. — The Unsteady Motion of the water necessitates 
the making of a large number of yelocity-measarements (Ch. YI, 4a) at 
each point to give a fair value of the Average Velocity at each. To do 
this with the Double-Float with anything like moderate rapidity, a con" 
fiidcrable number of Instruments mast be available ready adjusted to the 
various depths required, so that there may be no delay in adjustment to 
the various depths during the progress of the Field-work. 

There are only two Ordinate-systems which are generally conveni- 
ent, viz.— 

Fractional system. The Ordinates are at convenient fractioos of the whole 
depth, e. g., at the surface, and at i^^, -fjpf -^^ &&, -fig of the full depth. 

Integur syitem. The Ordinates are ranged at convenient mnltiplea of any con- 
venient length-anit, «. g., at every foot, yard, or m^tre, &c. 

The '* fractional system" is the most convenient for the numerical 
computation attending the investigation of the figure of the Carve^ and 
is therefore usually employed with Instruments which, like the Current- 
Meter and Pitot's Tube, can be set with equal convenience at any depth* 
each time they are used : but it is very inconvenient with Instruments 
used in large numbers like the Double- Float, as the ever-varying depth 
of water would involve a constant re-adjustment, not only of the lengths 
of the Connectors, but also of the positions of the " Bridges " (Ch. IX, 
12b) upon the ** Plank- Trays ", by means of which the Connectors are 
kept permanently stretched. This involves such great waste of time as 
to be impracticable. 

The *^ integer system " is then the only convenient one for use with* 
Double-Floats, as a large stock can be kept with their Ccmmectors adjust- 
ed once for all lying ready for use at all times. 

[Thns in the present Experiments the Ordinate-system for velocity-measnrements 
npon any vertical was — 

At snrface, at I' depth, at 2', 8', 4\ &c., and so on at every foot of depth, 
and a large stock of Double-Floats was kept always ready with their Connectors ad- 
justed to all lengths in whole feet from 1' to 10' (the raaximnm depth of Experi- 
ment,) a set of 9 for every foot. In a hot climate it is of great importance to have 
the Instramcnts always ready for use, so as to be able to utilize the few cool bonrs 
immediately after daylight for actnal Experiment withont any unnecessary delay 
in adjusting the Instramcnts. 

It will be seen that a Set of 90 Donble-Floats were sometimes in use at once (viz.» 

* It was tbe ■yitem actually used in all the large Modem Bzpnlmenta with the I><mble-FIoai^ 
Mte. Repoi t. Tables on p. S80, et teq. ; Lake RiTer Report of '68, p. M6 ; Irrawaddl Report of TS, 
Art. 88 ; Connectient Report of *78, p. 810. 
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9 for tYtry depth from I' to 10^ : the impracticability of frequent re-ad jostment of 
so large a number will be obvious]. 

5. Field-work. — The mode and order of the Field-work has already 
been explained in Ch. YI, 12a, q. v, 

[The velocity-measurements were always made as nearly in the order there ex« 
plained, viz., — 

''8 at surface, 8 at 1' depth, 3 at 2' depth, and so on in snecession, usually down 

to the lowest* depth (in whole feet say n feet) attainable ; lastly, 6 loaded Rods of 

length (Z) nearly equal to the full depth (11)," 
aa was compatible with practical convenience. It frequently happened, for instance, 
that — in consequence of the Unsteady ^lotion of the water — the whole available 
stock of Instruments suited to a particular depth was cast from the Upper Boat with- 
out the requisite number (three) of Good Floats resulting fit to record. To make 
ap the group of three velocities for that point there and then would have necessitated 
the considerable delay of sending the Boats to bank to exchange the Instruments 
from the Lower to the Upper Boat. To save this delay, the actual practice was to 
pass on to the next depth when the whole available stock of Instruments for any one 
depth was exhausted. The Instruments were thus exchanged from the Lower to the 
Upper Boat only after an attempt had been made to complete the re(jui&ite three at 
each depth. After the exchange an attempt was made to supply the missing obser- 
vations in regular order as before, i. «., from the surface downwards]. 

6. Tabulation, Series, (Tab. vn-xxvm, and 8, 4).— Tables vii-xxvm 

contain the whole of the Details connected with the Vertical Velocity-Curves. 
The mode and order of tabulation of the Sets, and the combination used in form- 
ing them into Sbuies, have been explained in Ch. VI, 12c — 13a, q. v. These Articles 
include also the explanation of most of the Columns of these Tables containing the 
Velocity-Data. The explanation of Col. g (Fall of Water-*^urface) will be found 
in Ch. VII, 2e, 9a. The explanation of the liesnlt Columns (Nos. 7,8) ^^^^ ^^ given 
in due course. A brief explanation of the whole of the Columns is given at p. 18 
of the Tables themselves. 

To save unnecessary looking over details. Abstracts have been prepared (Tab. 
8, 4)> showing the Meaks and RA170ES of the principal Data and Results for each 
Series. 

[In Tab. 8, 4 two lines are devoted to each Series ; the upper shows the Means, and 
the second the Ranges ; aee Explanation at head of each Tablel. 

7. Average Vertical Velocity-Curves, (PL xii-xvin).-Each Diagram 

shows the Average Velocity-Measurements at the surface and at 1', 2', 8', &c., n 
feet below the surface in clear black lines, as ordinatcs plotted from the Base-vertical 
close to which the depths are figured. The Rod-Velocities («) actually observed are 
also shown in clear black lines. 

Velocities computed from these data (not observed) as hereafter explained, vis., the— 
Mid- depth Velocity {v\n)$ Bed Velocity (»H)f Mean Velocity (U), 
are shown in dotted linee. 

The Mid-depth Velocity (V|h)> and Bed Velocity are plotted as ordinates from the 
proper points (mid-depth and foot) of the Base- vertical. The Rod -velocity («) and 

* Mi Art. M for explanation of caw where «i > H. 
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Mean Velocity (TJ), which do not belong to any particular point of theBaae-Tertieal, 
are plotted as ordinates in any convenient position where they conld be introduced 
without confasion. 

The tips of the velocity-ordinates at the one-foot interrals, and of the mid-depth 
and bed ordinates are joined by clear straight lines : the irregular line so formed is 
tbe AvBiiAaE Vertical Velocity-Curve given by the data, the junction lines 
being all straight^ the irregularities inevitable in the Observation-Curve are clearly 
exhibited, without the introduction of any bias of the draughtsman's hand (which 
inentably results where free-hand curves are drawn). 

The tips of the Mean Velocity- and Bod-velocity-ordinates only do not He on the 
Curve itself. They are indicated by arrow heads, and also by a (clear) vertical drawn 
right across the curve. These lines have in each case important physical meanings,— 
1*. Jtod'veloeity. The vertical line is a '* picture " of the Rod itself, indicating 
(by its position) the position of the Rod in the Curve, and also (by its length) 
the length of the Rod. The foot of the Rod is indicated by a slight horizontal 
scratch intended merely as a conventional way of showing (without possi* 
bility of mistake) the end of the vertical line. 
^, Mean Velocity. The rectangle incladed between the vertical line in question, 
and the surface^ and bed-velocity ordinates and the fiaso-vertical is equal in 
area to the area contained between the Curve itself and the three last lines. 
In the case of Velocity-Curves for a Non-Central Vertical (PL XVI— XVIII), Cross* 
Sections (of the whole or of part of) of the Site are also given, showing the exact 
position of the Experimental verticals in the several Sites. 

The dotted Curves show the Velocity*ParaboliB obtained as explained in Ch. XI, 7. 
The position and magnitude of the maximum velocity line (or parabola-axis) is in- 
dicated by a pair of arrows, one pointing to the vertex of the curve, and one (marked 
V) to the origin of the line on the Base- Vertical. 

7a, Velocity-ordinate exaggeration, — ^The depths shown on the Base- Vertical are 
all on the scale of 10' to an inch ; but the velocity rordinates are all on the scale of I' 
per second to an inch. Scales of depth and velocity are of course not really com* 
parable : but it is clear that— adopting the second as the time-unit — ^the yelocity- 
ordinates are exaggerated ten timee. This exaggeration has been necessary to show 
the curvature of the curves in any distinct manner. It will be seen, therefore, at once 
that all the curves are really very flat. 

8. Properties of the Onrves.*— A mere cnreory examination of the 
Carres (PL XII — XVIII) will show at once the following prominent 
properties, in addition to those (common to all yelocity-cnryes) discussed 
in Ch. YI, 15, from which it will be remembered that in this discussion, 
Carves derived from namerons Sbts of data are entitled to more weight 
than Carves depending on only a few Sets (in consequence of their better 
approximation to really Average Curves). 

" The Curves are generally eveiywhere convex down-etream, (except of coarse 

near an irregnlar maigin, («,^., in'Ser. 44 to 46, PL XVIII)",.- W- 

** The maximnm velocity is nsnally below the snrfaco'V (3)« 
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*■ The line of maximnm yelodty links (in a rectongnlnr channel) from the centra 
towards the hanks, and is abont mid-depth at the banks ", {see PI. XVII,] (8). 

** The line of maximom velocity lies near the sarface for verticals near and 
over the banks of a channel with sides laid ont in steps *\ (4). 

** The velocities near the bottom are generally the least ", (5). 

** The mid-depth velocities are generally greater than the means", (6). 

*' The differences between the velocities in any one carve are all small qoantities 
(compared with the velocities themselves)", (7). 

•*The Carves are all decidedly flat", (8). 

** The flatness of the Carves decreases (in a rectangular channel) from the centre 
towards the banks ", [tee PI. XIH, XVI, XVH,] (9). 

It is wortli while noticing here, before entering into a detailed dis- 
eofision, that the general features above described agree closely with the 
Results for similar cases of Mr. Basin's small scale Experiments in rec- 
tangular channels. 

[OomparoPL V.XVm toXXI, XXm^XXVI of the Bann Ezpta Atlas with 
the present Plates]. 

9. Notation, (Fl. XX, 8)^— In what follows, the following notation 
will be used : — 

a = depth of any point below sarface. 
a* = depth of immersion of Sab-Float, (always < s). 
Z, Ag, A = depths of lines of Max. Velocity, Mean Velocity, Rod- Velocity. 
H = fall depth. 

I = proportionate depth (C «., Z -2- H) of max. velocy.-line. 
o, «i ^ velocity at depth t, 
v' or Ob' = velocity of Donble-Float with Connector-length s, in Chap. X. 
V* or Vx = ordinate of velocity-parabola at depth a, in Chap. XL 
Vq, 9.^ v" = sarface-, mid-depth-, bed-velocity. 
V, if, « = Maximam-Velocity, Mean Velocity (past the vertical), Rod- velocity. 
p = parameter of velocity-parabola, 
m = (reciprocal of ^) = 1 -r-p* 
The following scheme shows the correspondence of depths and velocities :— 
Depths, a = 0, 1, 2, 8, Z, IH, h^ A, fH, (a-1), n, H. 

Velocities, » or r, = r^. "^it «>» n -"^t V» ^» **' V' <>ii-i> V *h. 

10. Instrumental Biatortion of Curve, (PL XIX).— Errors of Telo- 
city-measurement inherent in the Instruments employed will of course 
affect the apparent figure of the Curve deriyed from them in a definite 
way. An attempt will now be made to estimate the general effect of 
the known sources of error (Oh. IX, 8) due to the use of the Double- 
Float. They will be taken in the order of .Ch. IX, 8, m.— 

i. Lateral Deviation of Snb-Float. 
ii. Snrface-Float Resistance, 
iii. Connector-Resistance. 
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iv. Lift of Sab-Float dae to lateral deviation. 
y. Xif t of Sab-Float dne to its Lag or Lead, 
vi. Lift of Sob- Float doe to carratare of Connector, 
yii. Instobilitj of Sab-Float 
The disturbing canses Nos. i and vii being uncertain and irregnlar in 
their operation, (see Ch. IX, 8,) their effect on the Velocity-Curve is 
irregular, and does not admit of estimation. For each of the remaining 
five causes (Nos. ii to vi) of distortion of the curve, two principal cases 

will arise, viz. — 

Case (a). Greatest Velocity at tbe surface, (PI. XIX, iia, iiitf, ya, yia). 
Cask (6). Greatest Velocity below the surface, (PI. XIX, iii, iiib, yft, rib). 

It will be seen (from what follows) that the Errors are cumulative in Case 
(a), and partly compensatory in Case (5). In the Diagrams, (PI. XIX,) 
the " True Curve " is shown by a clear line, and the " Observation-Curve ** 
(affected by each Error singly) by a dotted line : the direction of displace- 
ment of the points P on the true Curye to their new positions p on the 
Observation- Curve is shown by the short lines as Pp between the Curves. 
In the fiye Diagrams of Case (5), BC is a vertical line, so that cC is a 
velocity equal to the surface- velocity bB. 

The Errors being all supposed small, their effects may — by the prin- 
ciples of Infinitesimals — be separately estimated, and afterwards super- 
imposed. 

lOy ii. Svrface'Iloat RetUtance, (PI. XIX, iia, h). — The action of the surface 
water on the Surface-Float necessarily accelerates or retards the Sub-Float according 
as the surface-yelodty Is > or < the yelocity of the stratum in which the Sub-Float 
moyes, so that— 

*< Each subsurface yelocity-measurement (v') exceeds or falls short of tbe real 

yelocity (v) according as the surface yelocity is greater or less than the latter 'V*(10}, 

or, more briefly, "«' > = < w according as »^ > = < p," (10a), 

from which it is clear also that if v^ > < v', then h fortiori Vg > < v, so that this 
Result may also be expressed in the following form more conyenient for future dis- 
cussion, viz.— 

V* > = <v according as r^ >■ = < »', (106). 

It is easy to see in a general way that this error always produces a general flatten- 
ing of the true curye, for all subsurface velocities which exceed the surface-yelodty 
are under-estimated,, and those which are less than the surface-velocity are over-esti- 
mated. This is clearly shown in PL XIX, iia, 5. 

10, iii. Oonnector-JUsiMtaneef (PI. XIX, ilia, 5).— It is easy to see that the Con- 
nector tends to accelerate or retard the Sub-Float according as the curved form into 
which it is thrown by the current-pressure on it Is convex or concave dovrn-stream 
{iee Fig. iiiaj, 6], h^ 6 J, or according as its curvature is similar to or opposite to that 
of the Velocity-Curve itself. Hence— 
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Cabb (a). Oreatett Velocity at the Surface^ Pig, iiia— 

** The Sab-Float lags (Fig, iiia), the Connector is carved like the Velocity-Carye 
and accelerates the 8ab-FIoat. The ObserFation-Carye lies everywhere outside the 

tme Carve, and the Error increaMes with the depth" ^ • (Ha)* 

Cask (ft). Greateet Velocity helow the surface, lig, iiib — 

** From B to A the Sab-Float leads, the Connector is carved in the opposite di- 
rection to the Velocitj-Cnrve (Pig. iii^j)} and retards the Sab-Float. Below A the 
upper and lower parts of the Connector will be carved in opposite directions, (Fig, 
iii6.,,) down to some point Q between A, C, for which the Total Acceleration and Re- 
tardation on the Connector itself will jost balance. From B to Q the Observa- 
tion-Carve lies wholly within the troe Carve ; at Q the Carves cross, and below Q 
the Connector is carved like the Velocity-Carve, (Fig, iiii,,) and accelerates the 
Sab-Float, and the Observation-Carve lies without the trae Carve, and the Error 
inereoiet with the depth",. (lift). 

[The position of Q is anknown, bat there is some reason to expect that its depth 
below the sarface is abont f of the depth of C]. 

Thas the general effect is a simple horizontal translation of each point F of the 
tme Carve to the new point p of the Observation-Carve. 

10, iVf ▼» ▼!• I'lT OP Sub-Float, (PI. XIX, va, ft; via, ft).— It has been ex- 
plained (Ch. IX, 10) that three distinct caases, viz.— 

iv, Lateral Deviation ; v, Lag or Lead of Sab-Float ; vi, Connector-cnrvatnre, 
eombine to lift the Sab-Float, so that the velocity •roeasarement (v'i effected at the 
real depth (s'), corresponding say to the point P, (Fig. v, vi,) is attribnted to the 
lower point p corresponding to the greater depth (z) indicated by the length of the 
Connector. 

The resalt is that a general depression of the velocity-ordinates takes place, accom- 
panied by a vertical depression of each point P of the trae Carve to the new point p 
of the Observation-Carve. 

Case (a). Figs, va, via. Greatest velocity at the surface — 

" The Observation-Carve lies wholly withont the trae Carve, and the Error dae 
to caases v and vi increases with the depth, because the caases (Nos. v, vi) increase 

with the depth",..- !. (I2a). 

Case (ft), Figs, vft, vift. Greatest velocity below the surface — 

^The Obscrvation-Oorvc lies within the true Carre from B to A, and, crosses it 
jnst below A (where the two Carves coincide). Below A the Observation-Carve 
lies everywhere oatmde the trae Curve, bat in different degrees under each cause 
separately**— as follows, (12ft). 

Cause iv. " The precise variation is uncertain ", (12c). 

Cause V. •* The * Lead * of the Sub-Float decreases (Fig. lift) from A to C, and 
vanishes at C : hence the lift of the Sub-Float caused thereby decreases from A to 
C, and the Observation-Curve (Fig. vft) lies very near the true Curve from A to C, 
and coincides with it at C ; below that point the Error increases with the depth, be- 
cause the * Lag' of the Sub-Float increases '* (I2d), 

Cause 91. *' Below the poiat A, (Fig. vift) the Error increases with the Depth 
because the cause increases", (12^). 

11. Resultant Errors (PI. XIX, 5a, 5).— The seyera] partial errors, 
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being all sopposed smally ma/ be saperimposed b/ the principles of Infin- 
itesimals. It will be seen by wbat precedes that — 

** The Surface-Float Action, and Connector Action canae error of same kind, 
Tia., horizontal diaplaoement, and in same direction except in the amall space QC 

in Case (i)", _ (18>. 

** The lift of Sab-Float dne both to its Lag or Lead and to Connector Action 
canse error of same kind, yiz., yertical displacement, and in same direction except 
through the space AC in Case (i)," - ^ (14). 

Combining the several partial Errors, it is seen— 

CAf B (a). Greateti velocity at the surface — 

^ The partial errors are cnmnlatiye, the Obserration-Cnnre lies whoUj witfaont 

the tme Cnnre, and the Besoltant Error increases with the depth ", (15a). 

Case (5). Greatest velocity helow the surface — 

** From B to A the partial errors are cnmulatiTe, £rom A to C thej are parti j 
compensatory, and below C they are cnmnlatiYe. The Observation-Carre lies 
whlloy within the tme Carre from B to a certain point Q between AC, crosses it 
at Q, and below Q lies wholly without it ; also below Q the Resnltant Error in* 
creases with the depth ", (156). 

[The position of the point Q is of coarse dependent on the relative proportions of 
the Errors between A, C. The point Q is certainly below A, because near to A the 
Errors ii and iii displace directly inwards, whereas Errors t, tI displace only slighU j 
oatwards]. 

It is easily seen also that — 

''The combined Errors produce in all cases a general flattening of the whole 
Curve," (16). 

and therefore, 

** The whole of the Observation-Curves (PL XII to XVIII) are too flat, especi- 
ally near the bed, where the velocities are all exaggerated", (16a). 

In drawing Conclosions from these Curves, this Result mnst be care- 
fnlly borne in mind. It may also be remarked, as in Ch. IX, 9, that 
of all the several causes of distortion of the cnnre, the Connector-Resist- 
ance is the most important near the bed in deep channels. 

12. Mid-depth Velocity (v^^), (PL XX, 1).— This quantity has ac- 
quired quite an unusual importance from the suggestion in the Mississippi 
Report (p. 295) to use it as an approximation to the Mican Yblogitt 
past a vertical. This use will be discussed in Ch. XIY, 10. 

Present Experiments* It has been explained (Art 4) that convenience in use 
of the Donble-Float requires the yelocity-measurements to be made at eonstawt 
depths (soch as at V, 2f, 8', &c., below the surface) ; the yelocity-measurements in 
these Experiments, therefore, could not be made at the real mid-depth point (which 
rises and falls with every rise and fall of water-level). An approximation, believed 
to be doae enough for the present purpose and easy of application, was obtained 
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by simple interpolation by pioportional parte between the velocity-mfiasnrements 
next above and next below the mid-depth point. 
Thos, let r, (r + 1) be the integers* next less and next greater than ^H. 

Vr» ?r+ithe'yelocit}r-measnrements next above and next below mid-depth (jH). 
Then it is dear from PL XX, 1, that, iupposing the curve in the neighborhood of 
the mid-depth to be a straight line, the approximate valne of v.^ is given* by either 
of the f ormnlce,— 

V^*''" (iH-r)(rr-»r+i)or = rr+i+(r+I- |H)(»r-Wr+i)---07). 

The approximate values of the mid-depth velocity were found by these formnln 
Mtparately for every Sbt of Subsurface work in these Experiments, and are shown 
in Sub-CoL v^^ of the Tables YII— XXYIIL These may be called Bough Mid- 
depth Velocities. The mean at the foot of the v.^ Sub-Column In each Series is 
the Aybbagb Mid-dkpth Vslooitt-iieasurbment of that Series nearly freed 
from Observers' personal equation {fee Ch. VI, 18). 

[It is clear from the figure that, since the Average Vertical Velocity-Curves are 
eveiywhere convex down-stream (Art. 8), 

** The above approximate value of the Average Mid-depth Velocity is usually too 

small", ^ (18). 

12ft. Mid-^epth Velocity not constant. — One of the most startling 
Conclnsions in the Mississippi Beport is that the Mid-depth Velocity is 
sensibly constant (for the same vertical with constant water-level) under 
all changes in the '' External Conditions " (wind, snrface-slope, &c.) 

After coming to the Conclusion that the ratio of the Mid-depth Velocity to the 
Mean Velocity past a vertical is sensibly constant (for the same vertical with constant 
water-level) under all changes of wind, it is stated (p. 294 of Report) — 

** The constancy of this ratio necessarily implies that the velocity of the mid- 
depth layer of water in a river is not affected by any changes that take place in the 
direction and force of the wind, whatever their extent may be, even from a calm 
to a hurricane ", 
and again, after explaining the disturbing effect of the wind on the velocities in 
general to be such (p. 295 of Beport) that^ 

*< the velocity of the mid- depth layer of the fluid mass must remain unaffected " ; 
it is added, — 

** This being established, it follows that the mid-depth velocity is independent of 
the position of the axis, and therefore is not affected by irregularities of the bottom": 
This broad generalization evidentiy rests upon the tacit Mmfnption^—^^ot which, 
however, no experimental evidence is given)— 

^ The Discharge and Mean Velocity pasta vertical are assumed sensibly constant 
for the same vertical with same water-level {eee p. 295t of Report) under all changes 
in the External Conditions", 
in addition to the previous assumption of the eonstancy of the ratio of the Mid- 
depth Velocity to the Mean Velocity past the vertical : and the Conclusion therefore 

• The velodty-mearazements being (Art. 4) at nfoeenftw «M< fttt of depth« An obvious modi- 
fleation iireqaired for any other interval, 
t This statement is of coarse wot a q^uctatim, 

Z 
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rests— 9&of upon a comparison of the actual Mid-depth VetoeUy-meaiuremenU them- 
MelveMf bot upon the supposed constancy of the two quantities mentioned, i.^., oh very 
indirect evidence, which is itself donbtfoL 

[This comparison from the Mid-depth Velocity-measarements themselyes cannot 
be done from the Resnlts published in the Mississippi Report : for these Besolts 
are all Avbraqb VELOCinES withont details, and hardly any two of the Sets 
appear to haye been done npon one and the same vertical, at nearly the same water- 
leyel and same Mean Velocity of the River, so that they are probably not inters 
oomparablel. 

However this may be in the case of Great Rivers, it is certainly not 
ft general law of fluid motion in Open Channels. The present Experiments 
sljLOW this amply ;»- 

A mere glance down Col. 8 of any of the Tables VII— XXVIU will show at once 
that the Mid-depth Velocity-measurements in successive Sets of the same Sebieb 
(with a maximum variation of water-level of only about '3') vary greatly in mag- 
nitude. The " Range " or amount of this variation is shown at foot of Col. 8 for 
each Sbbies along with the Average Midniepth Velocity (v^^). An Abstract of these 
two Results— the Average Mid-depth Velocity and its "Range"— in each Sebieb 
18 given in the v^^ Sub-Column of Abstract Tables 8, 4, in which they can be com- 
pared at a glance. The « Ranges'* will be seen to be frequently pretty large fiac- 
tions of the whole quantity. The cases in which the Ranges are the largeet fractions 
of the whole quantity are shown below, separately for the central and non-central 
verticals at eadi Site. 
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This variation might be supposed due wholly to the change of « External Condi- 
tions" between the different Sets of the same Series. But there are many Cases 
in the Tables in which several Sets were done m succession, in a perfect calm, with 
steady water^etfel, and nearly steady Surfaco-Fall, see Sbb. 23, 27, &&, and yet the 
variation is w^l marhed in those eases also. 
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Baf in two of the special Experiments (jiee Nos. 1, 2 of Tab. LXXIV) detuled in 

Ch. VI, 8b as showing Unsteadj Motion, a laige number of yeloeity-measnrements 

were made in a$ rapid suceettion as poinbUf yic, 

48 with the Double-Float at 5' depth in 9^*75 of water, 

12 with Moore's Cnrrent-Meter at 5' depth in 9^*65 of water, 

Bnfficiently near the mid-depth to test this question. In these two Cases also the Bange 

percentages are pretty large (16-9 and 12*6 per cent) 

All UuB eyidence together points most strongly to the Conolosion that— 

" The mid-depth yelodty of every yertical is subject to great and rapid yariation 
from instant to instant", ,.•••• •• .m* (19> 

This is no doubt a conseqnfinee of the genesal state of Uhstbadt 

MOTIOH. 

12b. Comparative Range oflEd-depth F(S^ct<y.— On comparing the 
" Sanges " of the three Average Velocities, viz., at Surface, Mid-depth, 
and Bed thronghont all the Ssbiss, (which can easily be done in the 
Abstract Tables 8, 4, where they are all brought together,) it will be seen 
that the Bange of the Average Mid-depth- Velocity is generally less than 
that of the Average Surface and Bed- Velocities. This can be seen at 
once in Table below, which shows the total number of Sbbibb in which 
the Bange of the former is less or greater than the Banges of the latter. 
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This shows that — 

*< The variability of the Mid-dopth-Velodty is generally less than that of the 
Surface- and Bed^Vekxaties '', •«•••.••...••.•...•........• «....«m...m..m.(20). 

33iis is sufficiently accounted for by the disturbing effect of the wind 
on the Surface-velocitieSy and of the unevenness of the bed on the Bed- 
velodties. 

18. Bed^locily (vB)y (PI* ^^} 2).— Velooity-ineasarements can not 
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of course be done upon the actual bed-level, so that some approximate 

estimation is unaYoidable. 

Present Experiments. The Telocity-measurements made at the one-foot intervals^ 
and especially those near the bed, enable an approximate Talne of the bed-yelocity, 
(vr) to be found. An approximation qnite close enough for the present purpose, and 
easy of application was used : two cases occur according as » < or > H. 

Case L It will be remembered that the real depth of immersion («n') of the Sub- 
Float was (Ch. IX, 9a) always less than the nominal depth (Ca) indicated by the length 
(n feet) of the Connector, so that it sometimes* happened that this nominal depth 
(» feet) of the lowest velocity-measurement slightly exceeded the full depth (EL) on 
the vertical. In this case this lowest velocity-measurement (vn) itself seems the 
best simple approximation to the bed-velocity. 

Case ii. But when the nominal depth (n feet) of the lowest velocity-measurement 
was less than the full depth (H) on the vertical — as was the usual case— the best 
simple approximation obtainable seems to be that given by simple proportional in- 
terpolation, which is equivalent to supposing the Vertical Velocity-Curve to be a 
straight line near the bed, (see PI. XX, 2.) 

The actual approximations to the Bed-velocity (vh) used were then— 

Case 1, » > H, vb = t^m (21a). 

Case ii, n < H, Ph = Vn — (H — n) (rn-i — »n), (215). 

In both Cases the approximate value is too great, because the actual velocity- 
measurements «n> t'D.1 were effected in stream-lines at a depth really < H in the 
first case, and really < n, and (n — 1) in the second case, i.^., in stream-lines moving 
quicker than the stream actually on the bed in the first case, or at the depths n, (n — 1) 
in the second case. In the second caseXhe Bed- velocity is further over-estimated bj 
the mode oi calculation, for the Figure shows that, since the Average Vertical Velo- 
city-Curve is everywhere convex down-stream (Art. 8), the calculated velocity-ordinate 
extending up to the straight line drawn through the tips of the two lowest ordlnates 
is > than the real ordinate of the Curve. Hence— 

** The approximate Average Bed-Velocity as above found is usually too 

large ", (22). 

The approximate values of the Bed-velocity were found from the above formulie 
for every Set of Subsurface work in these Experiments, and are shown in CoL 6 of 
Tab. VII to XXVIIL These may be called ** Rough Bed-Velocities ". The mean 
at the foot of Col. 6 of each Series is the AvEBAaE Bed-Velooitt of that Sebies 
nearly freed from Observers' personal equation (see Ch. VI, 13). 

18ft* Bed-velocity trre^utor.— In many of the Diagrams a curious flattening 
of the Observation-Curve is noticeable near the bed : so that the decrease of velocity 
appears to be less rapid near the bed than at some height above. In one case indeed 
(Ser. 6, PI. XIII), the Bed-velocity appears to be actually slightly greater than the 
velocities immediately above. From the inherent difSculty of velocity-measurements 
close to the bed, the Bed-velocities are of course the worst determined of tha whole, 
(Ch. IX, 9,) so that it seems doubtful whether any Condnsions can fairly be drawn 
from the (occasional) apparent irregularity noticed. 

* 8u Ser. ff, 14, S3, SO, S7, 38 for initaiioei of thif. Tho greateit smoant ooonn in Ser. 14i 
in wUoh the nomiaal dq^ is » s 7', wUM the r«al f all depth H s S**6S in ilx 
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In some of the Irrawaddi Cnrres tlus f eatnxe Beema to be prominent and permstent : 
thus, iM Lmwaddi Beport of 75, Art 45— 

■ 

^ taking the series of gronpe (series 25), •••••• 

ont of a total of 82, f oU j three-f onrtha of the ennrest have the greatest Telodty at 
or near the bottom "• 

Mr. Gordon deduces from this and other instances, that this feature (greatest velo- 
city near the bed) is the ordinary arrangement ii» very deep water. He infers, Art 
45, 46, that with increased depth of water, 

** the lower velocities tend to increase relatively to the upper ", 
and endeavors to explain this as due to the increase of pressure with increase of 
depth ; thus (Art. 49)— 

''As the depth increases so does the pressure, and on the pressure theory, the 
lower layers also tend to increase their velocity, and do so, as shown by the obser- 
vations, to such a degree, that finally they become the greatest in very great depths *\ 

Admitting the facts, (t. e,, accepting the results of observation) the proposed ex- 
planations mutt neverthelete be rejected. For, it is clear that the fluid pressure at any 
^ven depth being the same in aU directions, the '' forward pressure" at any point 
(which is here said to tend to increase the ** forward velocity ") is just balanced by 
the " backward pressure " at same point The mere increase of pressure with depth 
(i. e., along a vertical) is of no avail in producing increase of ** forward velocity " : 
in order that pressure might be effectual in producing increase of ** forward veloci- 
ty " in the manner proposed, it would be necessary that there should be an exeeu of 
^* forward pressure " over ** backward pressure" at same point of each vertical, and 
ihat this exeeee ekould inerecue with depth. 

The feature in question is certainly difficult to account for, if really the ordinary 
arrangement in very deep water, but its habitual occurrence is by no means clear. Its 
frequent occurrence— even to the extent of existing in three-fourths of thef curves of 
a eif^gle series of groups, (as represented,) is sufficientiy accounted for by the Unsteady 
Motion of the water, from which it will certainly often happen that the deepest velo* 
cities are measured alout their masimum phaee, and therefore bear unusally high 
values. This is indeed of frequent occurrence in the present Experiments, (eee Tab. 
Yn— XIX), but it disappears usually in the Average values of the velocities ; (Ser. 
6, Tab. IX being the only exception.) 

14. Mid-depth- and Bed-VdOOitiOS, Bkot APPROXmATiON.-The best ap- 
proximations obtainable from the data— the velocity-measurements at one foot inter- 
vals — ^would of course have been those given by the principles} of the (Calculus of 
Finite Differences, viz. — 

^„ ^ ^ H(H-l) .,„ . H.(H-1). — (H-m-2) .^ f^. 

«^ s v«+H. AOo + 1 2 ' • ■*■ ••-'•• 2 2 (a-1) ' * * 

[To have applied these to each of the Sets (565 in number) in these Experiments, 
would have been an if"*"*'"*^ Ubor : the Besnlts did not seem of sufficient import- 

t The « cnrTM " meant an protably what an gtyled in this Work f'Boogh Carres", (not 
^ Avanea Ciunm ",) which thenton cany littla weight 
{ Me Booto^a natte DifloeDOWi Ohap, UI, Alt S« 
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anoe to render it worth while incurring the labor. The approximations used (abore) 
are belieyed to be sofficient for the pnrpose]. 

16. External Conditions.— A comparison of all the Carres on one 
vertical— 

Nos. 1-4, (PI. xn); 6-17, OPL xm) ; 18-20, (Pi. XIV) ; 21-38, 
(PL XV) ; 29, 80, (PI. XVI) 5 82, 88, (Pi. xvi) ; 85-87, (PL xvn) j 
88, 89, (PI. XVH); 42, 48, (PL xvm) j 44-46, (PL xvni), 
will show at once that — 

** Any maried increase or decrease of any prinuuy Telocity (e^., surface, mazi* 
mmn, or mean) is accompanied on the whole by increase or decrease of the velocities 
at all points of the same yertical ",••••••••••••••.•••••• .m********* •••(25^^ 

though the increase or decrease is by no means similar at similar points. 
The same thing may be seen from PL XXI, XXII, whereon five 
of the primary velocities (V, v^, v^, TJ, u) have been plotted as ordinates 
to the Average Depths (H) as abscissae for each of the 28 Vertical 
Carves on Central Verticals (Ser. i— 38), all the Besolts of one Series 
being plotted on one ordinate. It will be seen that as before — 

^ The primary velocities past any one vertical vary ronghly together '% (^X 

It will, therefore, probably snflSce to endeavor to trace the dependence 
of one only of the primary velocities upon the External Conditions, and 
for this purpose it seems best to choose the Mean- Velocity (U) past the 
vertical as being the one of most practical importance. This discussion 
is defened to Ch« XIV, 11. 



CHAPTEBXI. 

VERTICAL VELOCm-CXIRVE FIGURE. 

l>r0Me.i»In this Chavter the mode of finding the IffOBT Pbobabli YBloort-PABABOLA le 
folly detailed (Art* 1— 8e), and tbe parameter-Tariatloa Is dlacQaeed, ( Art. lO-^llo). Thie reseaiefa is 
entirely of theoretical inteieet. The most interesting Artldes are Art. l,8,8,8e,4,6,7|7b^ 8, 10,110. 

1. Vertical Velocity-Curve, Figubb. — ^The investigation of the geo- 
metrio figure of the Vertical Velocity-Cnrve is a yery delicate inquiry 
but at the same time one of the highest interest Unfortunately the 
primary observation-datai viz., the velocities themselyes, are not very 
goad data for the fnirpose (though the best as yet ayaQable). Thus, the 
slope of the curve at any point depends not on the velocities themselves, 
but only on the difference between the velocities at successive points, 
which difference (Av) is always small compared with the velocities (v) 
themselves. Again, the figure of the curve depends on its curvature, 
and this depends not even on the last mentioned small differences 
(Av), but on the differences between them, t. e., on the second differences 
(A't^) between the primary velocities, which are always (not small, but) 
minute quantities compared vnth the primary velocities^ (never exceeding 
a few hundredths of a foot per second in the present Experiments,) and 
therefore within the limits of probable errors of the primary Average 
Velocity data. So that in fact a very small error in the original average 
velocity-measurements (which may be of no importance whatever as 
regards the velocities themselves) affects the figure of the curve enor» 
numelyj (unless it be a constant error affecting all the velocities alike, 
which would be of course eliminated in taking the differences). The 
delicacy of the investigation will thus be understood. 

\li the differeneei (Ao) of the velocities at BncceasiTe points were snsoeptible of 
t^tet meaBorement— independently of the velocities themselves— these wonld be the 
best data for the purpose]. 

la. Figures proposed.r- Various curves have been proposed by differ- 
ent Experimenters as representing the results of Experiment with suffi- 
cient approximation. The views of some of the older Experimenters 
(extracted from the Mississippi Report, pp. 204—206) are given below. 
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Kame. 



Epodh. 



Place or Blrer. 



Fl^n^'B fiirigiiBd* 



Woltmann, «. 
Eytelwein, .. 
Funk, • • 
Defontainey. 
Rauconrt, • . 
Banmgarten, 



? 
1791-99 
1801-20 
1803-06 
1820-88 
1824-26 
1887-46 



? 

near Caxhareiiy 
? 

Weter, 

Rhine, 

Neva, 
Ghuonne & Rhine 



ElUpse. 

Parabola, with vertical axis, yertez below bed* 

Obliqae straight line* 

Logarithmic. 

Pair of obliqne straight lines. 

Ellipse, major axis yertical, Tertez below bed. 

Hyperbola. 



The views of the more modem Experimenters and writers are given below. 



Vame. 


Epoch. 


Plaoo or BlTer. 


Fignre Uilgiied, 


ReCerenoe to orlginala, 
[forTltlM,MeCh.];tl]. 


Boilean, 


1844-54 


Mete, 


Parabola, axis horisontal, 


P. 807. 


Hnmphreys 


1851-59 


Mississippi, &C., 


Parabola, axis horizontal, 


P. 234. 


and Abbot, 




• 






Basin, 


1855-62 


Bargnnd J Canal 


Parabola, axis horiiontal, 


P. 228. 


Heniy, . . 


1867*69 


Niagara, &c., 


Ellipse, minor axis at or 
aboye surface, 


H. 594 of '69 Report 


R^yy, 


1871 


La Plata, &c., 


Obliqae straight line. 


P. 41. 


Ellis, 


1871-74 


Connecticnt, 


None assigned. 


• • 


Gordon, 


1872-79 


Irrawaddi, 


None assigned, 


• • 


Conningham, 


1874-79 


Ganges Canal, 


Parabola, axis horizontal, 


Ch.XI. 


Dapnit, • . 


1868 


[By theory. 


Parabola of high order, 
axis horizontu, 








no fizperimenta] 


P. 18. 


Moselejy •• 


1872 


>i n 


Exponential, 


P. 85, Vol XT,TV. 



This diyersity of fignre assigned by the older Experimenters resnlts partly from 
the want (in those days) of a snffident number of Experiments, and partly from the 
flatness of the onnre, which is in all cases so flat, that probably not one bat many 
cnnres of many totally different families ooold be fitted to the obseryation-cnryes 
with an approximation qnite within the limits of the probable errors in the valnes of 
the Average Velocities. 

It will be seen that Messrs. Henry, Moseley and R^yy are the only modem writers 
in distinct opposition to the nse of the parabola. In an nnpnblished commonication' 
of 15-7-76 to the present anthor, Mr. R£yy writes that he— 

« considers all attempts to parabolise or otherwise express the movement of 

water by cnnres of conic sections to be a mistake *\ 

Nevertheless the weight of opinion of modem Experimenters clearly inclines now to 

theadoptionof the parabola. Mr. Bazin writes thus in 1875(*< Discnsrion, &c.,"p. 309)— 

<* Hydranlicians, however, admit generally now-a-days that the vdocities on one 

and the same vertical vaiy as the ordinates of a parabola "• 

In the nnccrtalnty above noticed as inherent in the qnestion, in consequence of the 
flatness of the cnrre, it is permissible to choose for trial any cnnre (ont of the many 
which would posmbly fit the observation-curves with equal approximation) which 
•dfflitB of Bimple calcnlationB in its determinatioii. Now of all conres the simplest in 
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detennination is ttie common parabola. It is presmnablj this which has led latterly 
to its selection for trial in preference to others. 

2. Yelocity-Pftrabola.— The parabola which nearly coincides with a 
Vertical Velocity-Cnrre will be called for shortness a Velocity- Para- 
bola. The fundamental property of the parabola may be expressed 

** Square of ordinate (measured from axis) = Parameter x Abscissa (measured 
from tangent at yertex along the azis)*% ^ ^1^, 

With the notation of Ch. X, 9, q. v., and referring to PI. XX, 3, it 
follows by the above (1), for any point P on the cnrre, 

PN* = parameter x AN ; or (Pm — Nfi)'= parameter x (aA — j)P), .... (la), 
whence the final equation of the cnrre is,— 

(« - Z)« = p (V -»), (2), 

also, writing c = 0, so that =: v^ in the aboye, there results, 

Z» = p (V-»o) (8), 

whence, by subtraction, p (t^o — v) s= «* — 2Zc, (4), 

a form sometimes more convenient for discussion. 

3. Parabolic ElementSi (Z, V, p).— The primary « parabolic ele* 
ments " in the equation of the velocity-parabola are only three, viz., the 
maximum velocity (V), the position of that line defined by its depth (Z) 
beneath the surface, and the parameter (p). These being found, the 
parabola is definitely determined. 

To determine these three quantities, three data, e.g., three velocity- 
ordinates (v.) at different known depths (z) beneath the surface, are* of 
course necessary and suflScient. 

Sa. Three-velocity 6b«e.~When only three yelodty-measurements are to be made, 
the most oonTenient (for subsequent calculations) are the following :— 
8urface-yelocity (Vq), and two velocities v., v, at depths 4/, and/, 

and the calculation is as follows : — 
Substituting these known yalues {v^v.^v^^ of v in the equations (8, 4) of the 

cunre, with the corresponding values (0, \l^ I) of «, there result the following :— 
l>(V-ro) = Z'i P(»o-»4i) = l^-'Z. |>(»o -!?,) = ^-2^2, 
solving which for p, Z, Y, it is easily found that-« 

«' = 2p^-(r,+«,)} <'^>' 

i« - (8i>o+g,) , 

{ 4ry-(r.»r,)}«-4i>.,, _ p .fcy 

2 A 
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[The whole of the data ayailable (v^, v^^, ^d being reqnirecl for the determination 

of the parabola, this case of coarse affords no eyidence whatever for or against the 
approximation of the yelocity-cmrye to a parabola]. 
Sb. General Case. — The Case of more than 3 yelocity-measurements 

ayailable is by far the most common (and most nsefal) case : in the pre- 
sent Experiments all the carves but one (Ser. 41) fall nnder this case. 
Any three of the data taken together wonld saffice to completely deter- 
mine a velocity-parabola. Bat inasmach as the data are all more or 
less affected by observation-errors, the parabolas determined by each 
group of three data will asaally be all different : and it becomes neces- 
sary to select a carve which shall agree approximately with all the obser- 
yations. 
There are two ways of doing this— 

i. Sy trial and error. An easy, bnt nnsatisfactoiy way. 
il. By the Method of Least Squares, A laborions process, but satisfactory. 
So. Method!. Py^iaZani^rror.— This Method is an easy one. Theobserra- 
tion-caryes are first plotted to scale, and approximate yalnes are assigned (by inspection) 
for the maximum velocity (V), and depth of line thereof (Z). With these " trial 
yalnes" several "trial yalnes'' of the parameter (p) are to be calcnlated from the 
equation (2),— 

1-=^-^ <».«.). 

■ 
by substituting the known yelocity-measnrements (v) at several different depths («). 

[The various data (i.e., known values of v) are by no means equally good for this 
purpose : the best data are those which — ^provided they be sufSciently reliable— are 
the farthest removed from the line of maximum velocity ; as otherwise in case of 
lines near the line of maximum velocity, a small error in the velocity-data will affect 
the resulting value of p enormously; unfortunately for the successful use of this mode, 
the velocity-measurements near the bed, which would otherwise be the best for the 
purpose, are usually the most largely affected by observation-errors (Ch. IX, 9), at 
any rate when obtained by the Double-Float]. 

It will commonly happen that on a first attempt the ''trial values" of p so found 
will be extremely discordant : they must then be re-calculated with fresh *' trial 
values " of V, Z ; if the resulting '* trial values" of p are still very discordant, the 
process must be repeated, changing the trial values of V, Z each time until the re- 
gulting ** trial values " of p agree tolerably closely. Very small changes in the 
" trial values " of V will suffice, for in consequence of the smallness of the differ- 
ences (V — r) which form the denominator of the expression (2, his) for p, a veiy 
small change in V affects the results largely. A close agreement in the resulting 
values of p cannot be expected, in consequence of the fact already noticed (Art 1) 
that the observation-errors are of the same order as the second differences AH) of 
the velocities upon which alone p depends. 

When this tolerable agreement (as above) haa been obtained, a rough mean of these 
last trial values of p, and the trial values of V, Z used in obtaining thenii may be 
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taken as proyisiooal final Talnes. It only remains to calculate all the yelocitieB («) 
for all the depths m from the formula — 

r^y- <L^', (2,*«.). 

If tiie calcnlated yalnes (x/) agree pretty clofiely with the original Telocity-measure- 
ments— as they usually will— the provisional yalues used may be accepted as the final 
Talues of Y, Z, p required. 

The result obtained is simply, — 

" a Telocity-parabola agreeing only pretty closely with the obserTations". 

[This method was used for finding the parabolic elements in the 1874-5 Beport, 
Art. 60]. 

Sd. Method i ufuatitfaeiory, — The unsatisfactory part of this process is that 
there is no CTidence whatcTcr that the resalt obtained is the closest that could be got, 
that is the best obtainable from the data. If the result aimed was merely to obtain 
a curve agreeing nearly with tbe obserTations — and not to discuss the dependence of 
Z and p on the ** External Conditions"— ^Am endniUhav$ been attained sufficiently 
for all practical purposes. 

But inasmach as the obsenration-errors (i.^., errors in the ATcrage Talues) are of 
the same order as the second differences of the yelocities on which Z, p depend, the 
probability is very great that the valnee of Z, p Mtw obtained are downright bad 
approximatiofu. Moderate changes in Z, and large changes in p, will affect the final 
test (the comparison of the calculated Telocities with the original Telocity-measure- 
ments) in a quite trifiing degree, so that the apparent close agreement in this final 
test (which is in fact certain to result) is no proof whatever that good values of Z,p 
have been found. 

Thus, if it be proposed to discuss the dependence of Z and j? on the " External 
Oonditions '% it is absolutely essential to any useful discussion to use a process which 
shall give Talues of Z, p which are either really good approzlmationsy or at any rate 
the best obtainable from the (necessarily imperfect) data. 

The only merit of this process of ** trial and error " is its comparative ease. 

[Tbe Telocity-parabolas of the Mississippi Report were all obtained in this way, 
(see Report, pp. 283, 234,) as were also those of the Bazin Experiments (p. 228, et 
eeq,), and it is a most serious drawback to the Talue of their conclusions— not as to 
the fair agreement of the parabolic with the obserration-curTes, (which is of course 
pretty dose,) but— as to the dependence of Z and p on the ** External Conditions *\ 
The probability of large error in the latter is Tcry great Indeed it is said by one of 
the critics of the Mississippi Results (Dr. Hagen, Wasserbaukunst, Fart II, Die 
Stroma, p. 291, VoL I) that ** it is 80 billions to 1 against the formula truly expres- 
sing any single Tertical curre ""], 

Se. Method ii. By Method of Least Squares,— The adTantage of this Method 
is that the parabola, and therefore also the parabolic elements Z, V, p which it gives, 
are most probably {though not certainly) the best which can be obtained from the data, 
and that it further glTcs the ** probable error '' of each of the quantities Z, V, p, thus 
affording a wuasure of confidence in the Results. The disadvantage of this Method 
is the labor of its application. To establish any degree of confidence, however, in the 
resulting values of Z, p however, it seems essential to employ it : and it rcas accord^ 
ingly adopted in preparing the Results in this Work. 



180 CHAP. XI. — TSBTIOAL VSLOOITY-OURVK riOUBK. 

4. Weights of velocity-measorementSw— It has been ezplamed that 
the data (the average yelocitj-measarements) are by no means eqnallj 
reliable at all depths, as the Instmment from which they were obtained 
(the Doable-Float) decreases in efficiency (Ch. IX, 9) with increase of 
depth of the Sub-Float. It is desirable, therefore, to make allowance 
for this in sach a way that the results shall depend on the obseryations 
in some way in proportion to their precision. 

This was done by assigning weights to the observations decreasing 

with the depth below the surface, yiz., by assigning the weight 1 to the 

obserration at the greatest depth, the weight 2 to that next above, 8 to 

the next higher, and so on, so that if n be the (number of feet of depth 

in the) greatest depth at which an observation was made, the weights 

(fft) of the observed data at the several depths (z) are taken as — 

Depths (j;) below surface, (in feet), 0, 1, 2, 8, m n-2,fi-'l, n. 

Weights (jfx) of Tely.-measorements, »+ 1, », m - 1, » - 2, ...(ii + 1 - «).,. 8, 2, 1. 

6. Host Probable Farabola.^'It is proposed to style the particular 
curve and the elements Z, Y, p of the same resulting from the applica- 
tion of the '< Method of Least Squares *' — for shortness* sake — by the 
names Most Probable Pababola, Most Probable Parabolic Ele- 
ments. 

The labor of this Method is always very great: but in the present 

case, from the velocity-measurements having been always effected at the 

depths 0, 1', 2', 3', &c., (always simple integer numbers,) the labor is far 

less than it would otherwise be, and a great deal of that labor may be 

done once for all, and presented in a form immediately available Jorjutwre 

eimilar cases. It seems, therefore, well worth while publishing these 

results, and an outline of the steps leading up to them. 

[This oceapies Art 5a— 6a. The Reader who is not interested in the development 
of the formnlsB is recommended to omit these Articles, except Art 5c]. 

5a. Most probable parabolio elements,— The equation (2) of the relocity- 

parabola before given, is inconvenient for the application of the Method of Least 

Squares, in consequence of involving the product ipV) and square (Z^ of some of 

the sought quantities. It may, however, by obvious transformations, be written in 

the form 

»=A + B«+ Ci', —...M. .....••.• (6), 

which is convenient for the purpose, in consequence of the new quantities sought 
(viz.. A, B, C) being involved onlj in the first degree. It is required then to deter- 
mine the meet probable valuee* of these new parabolic elements A, B, C by the 

• Thfl whole of the Fbnnnla aad llanilts of Art to— 6« hAve been oheckad by Umt J« E.G. 
Harrison, BJ. The BoaMrioal work has basn fortfasr Tsrifled bj a sUUed oompntarf 
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Method of Least Sqcuures. Iheae haTing been bo found, those of Z, Y, p may be 
fbnnd from them as follows :— 
The f andamental eqaatioa (6) may, by obvious redactions, be written 

(^ - S) - "= - ^ (' * 2^)'- <*•)' 

by oomparing which with the primaiy form (2), it is at once leen that— 

1 



' = - -c ' 

- - ^c-; 

V = A-^,or = A+JBZ,, 



(7a), 
.(70, 



from which results p^ Z, Y may be calcalated, when A, B» C hare been foond. 

5h. Calculation of A,B, C^The notation and terminology of this and sncceed- 
ing Articles is the same as that nsed in Mansfield Merriman's " Elements of the 
Method of Least Squares ", Art 83 to 37, to which reference shonld be made for the 
rationale of the process. 

Attaching for distinctness the snbscript j; to the symbol v to indicate the Telocity 
(thns Ti) at depth «, the equation of the velocity-parabola is 

r, = A + Baj + C«*, (6,K#), 

in which the most probable values of A, B, C are required. 

The data are the (a + 1) known velocity-measurements v^Vy, v^ .•• ra at the 

several depths 0, 1, 2, ^ n feet, with weights (n + 1), a, (n - 1) • «••• 1 

respectively, (Art 4.) 
Substituting these values of rk and m into the fundamental equation (6) 
A+ 0.B + 0*.C = »o" 
A+ l.B + l«.0=sOi 

A + 2.B + 2«.C = Pj .arethe(»+ 1) "observation equations" of rfi/«r«*< 
^ ^ — weights, ^ ^(8). 



••• X ••• + ••• 



A + II.B + n*. C=»bJ 

Multiplying each equation by the square root of the weight of the velodty-measore- 
ment (ob) in question — 

^/».l*.C=s ,Jn,Vi 



i^n+l.A+ is/n+1.0.B+ 
^/n.A+ ^/ii.l.B+ 



V»-1.A+ ^/n-1.2.B•h 



^/«-1.2*.C= ^/»-l.p, 



•«• 



••• 



••• 



are the 

(»+l) 
•*reduo- 
^ equa- 
tions" 



of equal 
weight, 



iy2.A^ ^/2.(»-l).B+ v'2.(ii-l)".C3 ^/2.ra.l 
V1-A+ 0/l.n,B-¥ ,Jl.n*.Qsz ^/l>«o. 

It is now convenient to introduce three new symbols L» M, N as abbreviations for 

the following quantities in which the symbol S^* indicates a summation with respect 
to s from s 8sO to ssfi, viz.— 



(84). 
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To find the '< normal equations ", proceed as follows :— 

<< Multiply each equation bj the coefift of A therein, (»,«., the «th by V^ + l-Ot 
andadd",....*..^ ..^ ^ „ (A). 

" Multiply each equation by the coefiEt. of B therein,(i.e., the «th byV^+ l'^ • ')» 
and add »', (B). 

"Multiply each equation by the coefft of C thereinXt.«.|thecth by V^ + l-« . «0» 

and add", ^ ^ ^ .^..(C). 

The results are the required "normal equations *\ viz.-*- 

So" (»+!-«). A + 2/(»+ l-«.«).B+2o"(» + l-«.«*)-C = L,(10L), 

2o' (»+!-«. *) • A + 2o" (» + !-«• «*)• B + So" (n + l-*. O . C =M,(10M), 

2/(n+l-«.O.A+ 2^' (» + !-«. O.B + 2o"(« + i-«.«*)-Ca=N,(l(»r), 
from which the values of A, B, C are to be calculated. 

It will be obserred that the co-efficients of A, B, C depend only on the numlerM 
ft, g, and not on the obserrations (Vx) themselyes, and also that the co-efficients which 
multiply Vz in the three expressions L, M, N depend only on the numhera n, f , and 
not on the observations themselves. These quantities may therefore be calculated 
once for all : they are given in Abstr. Tab. 5 for all values of n from n = 8 to x = 10. 

[The number n = 3 is the lowest for which these formula could be required, and 
the number n s 10 is the highest required in the present Experiments]. 

The middle portion of the Table will facilitate the calculation of the quantitiea 
L, M, N .(which alone involve the velocity-measurements), and the upper portion 
will enable the left hand side of the three " normal equations " (lOL, M, N) to be 
written down by inspection. 

But inasmuch as the co-efficients of A, B, C do not involve the observation-quan- 
tities (v), the actual solution also of the equations may be effected once for all, so as 
to exhibit the values of A, B, C explicitly in terms of L, M, N. 

The solutions must necessarily take the following form : — 

. X|L-hMiM-|-i/,N ^_ X,L-h^M-hyaN .^_ X,L-|-M3M4-y,N ,,,^ 
A= ;*>— g ; V — 9K»-*^)» 

where the new symbols X], fii, vi> a ; X3, fij, vj, /3 $ Xj, /t„ y^ 7 are simply numerical 
co-efficients depending solely on tiie known co-efficients of A, B, G given in Tab. 6, 
u «., solely on ^e value of n, and may therefore be worked out once for alL Their 
values are given in the lower portion of Tab. 6| together with some additional 
quantities explained below. 

The most probable values of A, B, C are given then by the Results (11) with the 
help of the Results in the lower portion of Tab. 6. 

[To determine the most probable parabola in any future case then in which n does 
not exceed 10, is thus reduced to timple arithmetical work, vis.— 

Step L Calculate L, M, N from Eq. (9) with help of middle portion of Tab. 5. 
Step IL (Calculate A, B, C from Eq. (11), with help of lower portion of 
Tab. 6]. 
These having been found, it remains only to calculate Z, Y, p from Results (Ja, 
h, 0), and the Most Ftobable Parabola is completely determined]. 
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5o. AppReatUm.^Th^ panboUe elemeniB (A, B, C) haying been ealcnlated as 
above, the next Step is to calculate the yelocily-ordinates (vc') thereof from the fan* 
damental foimnla (6), 

for all the depths (i ss to a = n) of Telocitj-measnrement. It is conyenient to 
use the following notation :— 

Vt' S3 ealcnlated yelocity-ordinate at depth t, 
r« = actual yelocitj-measorement at depth s. 
It remains to write down all the Discbepancies between the measured and eal- 
cnlated yalaes, i.e., the differences (9. — Vs*)* If these Discrepancies, technicallj termed 
Besidnals, be all tmaU quantitiei, this will be fair evidence that the Obserration-cnrve 
is really approximately a parabola, and the smallness of these Discrepancies will be 
a measure of the degree of approximation to a parabola. 

6. Probable Error8.**^o Method of Least Squares gives also the means of 
calculating the " probable errors " of the Results. The labor of the calculation is 
connderable, but as it is the only means ofgioing a futuwe of confidence in the i?e- 
euUe, it is well worth undertaking. And here again a good deal of the preliminary 
work can be done once for alL The following notation of Meniman's *< Method of 
Least Squares " will be used :— 

g^ = weight of yelocity-measnrement Vs, (given in Art 4.) 
G«, Ob, Gc = weights of A, B, C. 
Tg = probable error of calculated yelocity-ordinate (vs )• 
R«, Kb, Re = probable errors of A, B, 0. 
R^ Rt, Rp = probable errors of Z, Y, p. 
Then (jtee Least Squares, Art 38), with notation of Art 4, 55, 0— 



= -6745/ 



^^' <'^ - '^y 04«). 

fl ^ iB 

r« ^ ri ^ V^. 14>). 

Ka = r, -^ V GT, Rb = n -s- V Gi; Re = ri -^ V GT, (14c). 

Now the yalnes of Ga, Gb> Ge and also their square roots obviously admit of com- 
putation once for all : they will be found in the lower portion of Tab. Q. Hence 
the probable errors (r.) of the several calculated yelodty-ordinates (r. ), and also 
those (R«, Rb9 Re) of the parabolic elements A, B, G may be at once found from Re- 
sults (14t, c), when the single quantity r^ has been calculated, by simply dividing r^ by 
the square roots of the several weights (^s and Ga, Gb* Gc) which are all known. • 

The quantity r, is the only one requiring special calculation in each particular case. 
Calculate the yalue of the quantify — 

{Sum of products of squares of Residuals (d^ — Vx*) multi- 
plied by their respectiye weights (^), from surface (« = 0) 
to bed {e = »). 
The calculation of the Residuals (i^ — t^*) has been already explained in Art Sc. 
The yalne of r| is then at once found from Result (14a). 

6a. Probable Errors of Z, Y, ^.— The quantities Z, Y, j; are giyen as func- 
tions of A, B, C by the Results (7a, 6, 6) of Art 6a. It is shown in Art 22 of 



(165). 
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Appendix to YoL n of Chanrenet's Practical Astronomj, that if S be the probable 
error sought of a quantity X, which is gi^en as a function of the quantities m\ «*, tT, 
whose probable errors R', R", R'" are known, then 

«'=(§)•«' + (g-y-B-'^ (S^)'.»% a«)- 

Applying this Rnle, and differentiating the expressions for Z, Y, j? given in Art 
5a with respect to A, B, — 

To findBp,wehaTe^ = ^=p«. 

/. Bp = ± ^ .Re = ± p'.Rc , (16tf). 

TofindR^wehayegg^^. 3C=2C«- 

/. R.= ± ^y^* + ^t-^c'= ^ p.-s/FSTT^TH? 

Tofind R.,wehayeg^ = l, -gB^ -gg^Z, 3i5 = j-e5=Z'- 

.•.Rt=±/r«*+ j-^'(Rb»+ i I*. Bc») = ± s/R«« + Z« . (Kb* + Z» . Rc«)..(l«<>). 

The probable errors of p, Z, Y may then be calculated by the formola (16tf, 1,6)^ 
when the probable errors (R«, Rb, Re) of A, B, are known. 

7. Present Worki Yeloctty-Pajiabola.— The formaI« just developed hare 
been applied to 45 (oat of the 46) of the Average Yelocity-Curves of these Experiments 
(£, «., to all but one, PL XIII, Ser. 10, which was considered too ^irregular). The re- 
sulting Yelodty-ParaboltB are accordingly most probably the bt9t\ ohtainahld/ram the 
data. The Rbsults are exhibited both in the Tables and Diagrams : thus— 
See foot of each Sebies in Tab. YII— XXYin. 
Line r shows the Arerage Yelocities (r.) of observation. 
Line v' shows the Calculated Yelocity-ordinatcs (fg'). 
Line A shows the Discrepancies (v. — «■'). 
Both values (t^, v/) are figured on the Diagrams (PI. XII— iviu), also— 
The Observation-Curve is shown by a clear black line. 
The Yelocify-Parabola is shown by a dotted line. 

The position of the max. velocity line is defined by arrows indicating its two ends. 
From the smallness of the Discrepancies in the numerous (45) Curves of these 
Experiments, as shown in both the Tables and Diagrams— 
Tahlii^hj the small values of (v, — v,), 
JDiagranu'-'hj the pretty close coincidence of the two Carves, 
and taking into consideration the similar close accordance in the Mississippi and 
Darcy-Bazin Results, the Conclusion may be fairly drawn, that it is a general law ef 
fluid motion (in open channels in long nniform reaches) that— 

* Tbe imgnlarltj of thii Carve protebly renlte from the poorneBB of th« approximation to 
Avengo Velocitiee, this 8erlM (No. 10) oontainlng only 1 8eti. 

t The veloofty-panboto Ser. I, S, 4, If, PI. ZII, Zm of thii Work— oompoted w above— all lie 
doear to the Obienration'Oiirvei than thoee obtained bj Method i for the eeme Obeervatlon-CiUTes 
la the 1874-76 Bepoirt» (IM Ser. 14B, 18B, lOB, UB and PI. VUI of that Work), 
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"The Arerage Vertical Yelocitjr-Cnnre approximates in general closely to a 

common parabola with a horizontal axis", - « » (17), 

except of course on yerticals which are exceptionally sitnale, e.^., close to a margin of 
irregular figure {e.g,, Ser. 44—46, PL XVIII). The degree of the approximation (in 
the present Experiments) is also obviously pretty close in general. It will be noticed 
that the Discrepancies (in both the Tables and Diagrams) are generally much the 
largest near the bed : this is of course due to the nnall weights asHgned (Art 4) to 
the yelodty-measurements near the bed, the efifoct of which is that the resulting 
Curve necessarily lies closest to the upper part of the Observation-Cnrve, 

[The general close agreement cannot be taken as any proof of a close approxima- 
tion to the values of Z and p, which define the position and size of the parabola]. 

7a^ &eeptional Catei.^Thd three Curves, Ser. 44, 45, 46, PL XVni, upon the 
exceptionally situate vertical shown in the Cross-section, could not of course be 
expected to resemble parabola. The water flowing past this vertical must obviously 
meet with veiy different lateral resistance from the upper and lower parts of the flight 
of steps close by ; which are at very different distances from the vertical in question. 

The Obsbbyation-Cubyes show by their shape, that— 

" The Resistance increases rapidly and pretty regularly from the Surface down- 
wards as the steps approach closer to the verticad in question : throughout thia 

region the Curves are pretty regular", mm—- • (18a). 

" The Resistance does not increase markedly below the level of the lowest step, 
where the vertical in question is evetywhere very close to the if drop-wall : and 
these is a marked discontinuity in the curves at the level (of the lowest step) at 

which the change of figure of the Resisting Border occurs ", ^ (18d)* 

The Velocity-Parabola on this vertical have accordingly been calculated onlff 
from the veloeitg-meaeurements alove the lowest step, and may be seen to agree pretty 
closely with the Observation-Cfurve above that level : it was not thought worth while 
prolonging them below that level. 

7b. Present Work, parabolic Elkmskts, (Abstr. Tab. g^ 4).— The Para- 
bolic Eleusmts (A., B, C, Z, V, p) of the Most Pbobablb Pababolj3 having 
been calculated for the 46 selected Average Vertical Velocity-Curves by the formula 
above developed, are most prohahly the best obtainable Jroia the data. The Prob- 
able Errors (R., Rb, Re* Rd Rn Kp) have also been calculated from the formula given: 
these show the measure of the confidence that can be placed in the approximation 
obtained to the parabolic elements. 

The values of Z, Y,p (which alone ^possess any geometric interest) are shown in 
Col. 11 of Abstr. Tab. 8| 4, with their probable errors Rs, Rt» Rp printed (in old 

Z V o 

brevier type) beneath them, thus |f |» £ 

It will be seen that — 

V*, M The probable error (Rf) of Vis generally small, (seldom exceeding a few 
hnndredths of a foot per second,) " •. (19a). 

• It hM not been tboaght worth while to pabUsh the valaes of A* B, whldh an merdy enziUaiy 
qoentitiei (of no geometric Intereet) f Dtrodnoed to fadlitote the application of the Method of ~ 
f^nareft 

2 B 
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[In two caMfl, Ser. 99, 30, it amonntB to *12, *15 respectiTelj : these Series were 
yery difficult of execation, from the closeness of the vertical of Experiment to the 
bank, (PI. XVI)]. 

2*. '< The probable error (R.) of Z ia frequently by no meam tmall **^.„(,19h). 
[The quantity B. moat not of coarse be compared with Z itself, bat with the fall 
depth (H)]. 

8^. " The probable error (Rp) of p is frequenthf very larye", ^ (19<7). 

' The large size of the probable errors of Z and p is of course due to the flatness of 
the Carres, as explained in Art. 1 ; and points to the Conclusion that — 

^ The data (velocily-measarements) do not admit of the determination of the 

position and size of the Velocity-Parabola with any closeness", -• ...«(20), 

[The position of the Carve is defined by the value of Z, which fixes the d^th of 
axis and the size of the Curve by the value of pj. 

[The labor involved in this calculation was very great The computation occupied 
three computers, — viz., the author himself (by whom most of the original work waa 
done) and his two Assistants, even with the aid of 8 Crelle's Multiplication Tables 
and two Arithmometers— conttniioiM/^ /or upward* of a month], 

8, Vertical (Jurves, Abstract Results, (Tab. g, 4, & PL XXI, XXII).— 
The Abstract Tables g^ 4 show the principal velocities* (V, Vo, v^^, U, Vm, v> v^)^ 

the Surface-Fall (F|, F^, F,) in Upper, Middle, and Lower Sub-Reach, the Average 
Wind, and the parabolic elements (V, Z,j7, and ^ =s Z -~ H), for each of the 46 Vertical 
Velocity-Curves (with a few omissions only, e,ff,, Ser. 2 & 10). A thorough exami- 
nation of these Tables will show that all the primaxy quantities (velocities and 
parabolic elements) vary in some very complex manner partly with the depth, partly 
with the Surfaoe*Fall, &c. This examination is, however, much more easily conducted 
with the aid of Diagrams. PL XXI, XXII have been constructed to facilitate this 
for the case of the 28 Curves (Ser. 1^28) on Central Verticals, viz. — 

PL XXI, Ser. 1—20, of Solinf Twinf Aqueducts. 

PL XXII, Ser. 21—28, of SoUnf Embankment. 
For each Vertical Velocity-Curve the principal velocities* (V, v^, »^, U, «), the 
Surface-Falls (F], Fj, F,) in the Upper, Middle and Lower Sub-Reach, and the para- 
bolic elements (V, Z, p, C), have all been plotted (with a few omissions only, e,y,g 
Ser. 2 & 10) as ardinatee to the Depths on Vertical (H) taken as abscissa. The 
average Wind for each Curve has been plotted as explained in Ch. V, 21d. Thus all 
the Results of any one Series are plotted on one ordinate, 

[The discussion, as far as concerns primary velocities, has already been given in 
part in Ch. X, 15, and will be continued in Chap. XIV, 11. The discussion below 
concerns the parabolic elements only ]• 

9. Parabolie formula for p.— Writing z = 0, z = H, (and therefore = Vot 
V = vk ) successively in the fundamental expression, £q. (2), for p ; — 

* With ezoeption of V, tbew are all the experimental valnee ; the valne of V alone la that of the 
moat probable parabola : tee alao explanation at head of each Table. 

t The aimilarlty of croeB-eection of the two Solini Aqnednct ffltea la ao great, that it aeemed ad- 
TlMble to plot their Beeolta together on PI. XZI. The Rctnlta for the two Sltee are eauily diattn- 
gnlahed, by the diflerenoe of thlok and thin ordinate! for the Left and Right Aqaedact req>eotivel7« 
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«- ^ (H-Z)' 

1 H» 

=-jj • p _^ , (this will be riiown in Ch. XIV, Of, (46)), (215). 

In whateyer way therefore p may be actually computed, its Talue depends— for a 
^Ten depth of water (H)— oiiZy on the differenee (o.^ - U). Now this difference is 

usually very small, (sea Abstr. Tab. 3, 4i) bo that a minute error in the deter- 
mination of one of the primary quantities (v.^, U) is liable to affect the Talue of p 

enormously, a difficulty inherent in the investigation. For this reason none of these 
expressions will suffice for the original computation of p, without slight alterations 
in the yalues of the primary Telocity-data, (similar to those explained nnder Art. 8, 
et seq^ Methods i and ii,) such as will make the whole of them approximate closely 
to some parabola. 

I^This is well shown in Abstr. Tab. f, wherein the yalue of the quantity 
•^ H* -^ (0.Q - U) calculated from the unadjutted values of r.^, U, i,e,, from the 

Average Velocity-measurements themselves, is tabulated for each of the 27 central 
vertical velocity-parabolsB (Ser. 1 ^ 28, omitting Ser. 10) for comparison with the 
parameter (p) itselt The disagreement will be seen to be extreme. Some of the 
'* unadjusted values" of (v_-U) are indeed negative (Ser. 9, 21)— en impossible 
condition in a real parabola— thus giving negative (impossible) values to the para- 
meter. In fact the computation ought of course to be done with the " adjusted " 
(in this case the " most probable ") values of v.^ U]. 

9a, Parabolio Formula for Z.— From the equation (4) of the curve, 

Z=i« - (ro - V) . ^, in general, (22). 

Writing f= in, 4H, |H, H, (and therefore v =»4b^ v^ »|h, r^) 
successively in this, there result— 

^==2^°"(^«-Vv3)' ^' or=:jH-(ro-»»H).^..*..- (22tf), 

= iH- (r^-u,^) . ||, or= »H-(»^-»h) .^ (225). 

also, Z=|H-(Wo-U). ^, (as will appear in Ch. XIV, 9, (16)), (22c). 

2 

Multiplying (22a) by — rr, and subtracting (22tf), there results after reduction 

Again, substituting tiie value of p = V^ H* -^ (vih- U) in £q. (22(;), 

^-" r^.-U -4(2^8-8) ^^^' 

which is perhaps the simplest expression (not involving the other parabolic elements 
f , V) that can be found for Z. 'Iliis shows that the value of Z for a given depth 



I 
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of water (H) depends— in whaterer way it may be actually determined—eHentially 

on the ratio of the two small differences (P^^^^V) : (o^g^U), and is therefore 

difficult to determine accurately, inasmuch as a very small error in any one of the 
Telocity-measurements (f |b^j« v.q, U) will largely affect the Talne of Z. 

[For thb reason, neither this expression, nor indeed any of the preceding, suffice 
for the original computation of Z, without slight alterations in the yalues of the 
primary velocity-data, similar to those explained in Art Se, d, q.v. In fact the 
'<mo8t probable values " of the velocity-ordinates ought to be used]. 

From the above it may be inferred that-^ 

Z < = > JH, when r^ > = < r|H, (28fl). 

< = > JH, when r^ > = < «|Hi or U,. (28*). 

< = > 4H, when r^ > = < th, ^ ^ -....(280). 

is +, or - , whenD.g/g> < U, •.(284). 

Also since (v^ is usually the least of the velocities past each vertical, (Ch. X, 8,) 

and also v^ > U in nearly all of the Average Curves on verticals at or near mid* 
channel (Ser. 1— S8 & 35—39, Tab. $, 4) it follows that— 

Z < }H, in general, for all verticals, (24a). 

Z < ^H, in general, on verticals at or near mid-channel, m^...... (246). 

The above Results (28—24) deduced from the properties of the parabola, are fully 
borne out by the Experiments, (ue Abstr. Tab. g^ 4)* 

10, Parabolic ElementSi Yabiation. — The tradDg of the depen- 
dence of the two quantities Z and p (which determine the position and 
size of the velocity-parabola) npon the External Conditions, snch as 
depth (H) on the yertical, position of yertical, snrface-slope (8), state 
of wind, &c., has always been a subject of great scientific interest. 

Bat the impossibility of accurate determination (Result (20)) of the 
quantities Z, p themselyes must obviously render all attempts to trace 
the law of their dependence on the External Conditions extremely un- 
certain. 

[Attempts have been made to assign these laws in the Mississippi and Bazin 
Experts. Beports, and apparently successfully : but the nature of the evidence of the 
laws assigned is not reiJly good in either case. It amounts in both cases shortly to 
this--* 

A few vdodty-parabolsB were deduced by Method i, Art 8c, from a few selected 
Obaervation-Cnrves. The values of Z, p so obtained for these selected curves may be 
said to be independent of any hypothesis as to the dependence of Z, p on the Exter- 
nal Conditions. From these few values of Z, p as data, algebraic expressions were 
obtained by trial, expressing Z, p as functions of the External Conditions .H, S, 
fte.) So far there is no tut of the tmth of these expressions. 

The next step was to calculate the values of Z, p directly from these assumed for- 
mulis for the whole of the Observation-Ciirves available, and then with these anomed 
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Talae8o£ Z,|> to calculate tiie yelodty-ordixiates (i^') for erery point of velocitj- 
measorement (t^) in the ObserTation-Carye8» 

The ultimate test was to examine the Discrepancies (v. — Vt,*). If these were 
generally small, it seems to hare been assumed that this was a sufficient test of the 
f onn of the expressions originally assigned for Z, p. 

But the fact is this Test is quite inadequate. For, as already noticed (Art 8d), 

considerable changes in the yalue of Z, and large changes in the value of p, will not 

mAterially affect the values of the differences (r* - v.'), which amounts to saying that — 

''Almost any algebraic expression which will give the values of Z ronghly, and the 

values of p e?en very roughly, will very likely stand this Test equally well ",...(25), 
or in other words, the Test is quite inadequate to the purposej. 

The only adequate mode of this research appears to be to calculate the 
yalues of all the parabolic elements (Z, Y, p) independently from the 
vdocity-data of every Observation- Curve ayulable, (or at any rate from a 
great many Obseryatiou-Cnryes,) ho that these yalues of Z, Y, p may be 
m each case independent of each other. An attempt must then be made to 
find algebraic expressions which shall express Z, V,|> as functions of the 
External Conditions (H, S, &c.)y and satisfy nearly all these independent 
Yalues. The delicacy of the inyestigation is such that the only hopeful 
iftLj of conducting it appears to be to use the best yalues of Z, Y, p ob- 
tainable from the data, t.e.| the Most Probable Yalues. 

[It was chiefly from a conviction of this that the great labor of application of the 
Method of Least Squares was undertaken for the present Besults]. 

The cause of the depression of the maximum velocity line has given 
rise to so much discussion, that it seems worthwhile devoting a separate 
chapter (Gh. XI) to it : the variation of the maximum velocity (Y) is not 
worth* separate discussion : the variation of the parameter (p) alone will 
be taken up in this Chapter. 

11. Parameter-variation.^The expressions proposed in the Missis- 
sippi and Bazin Experiments Works will be discussed first; these 
expressions and various modifications thereof will then be tested by 
application to the present Experiments. This occupies the rest of this 
Chapter. 

11a. MUtUiippi Report, Parameter (Report, p. 297).— The Equation of the 
velodky-parabola is written in the following form, wherein the notation has been 
changed to suit the present work :— 

V - r = VjiV T^*. •..(26a), 

•Tha ease befaig nffldaBtly met (Oh. X, », k ZIT, in in the dimurion of varlaUon of Men 
Ttlooiftjpaitayartiotf. 
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wherein V = mean velocity through whole croBs-aection, 

1-69 



P = 



VH + 1-6 



, or = -1866 when H > 80 feet,. 



Compering this with the form (Eq. (2), Art 2) need in this Work, it ie 
the ezpreseion proposed for the parameter i 



that 



P = 



H« 



^W 



or 



1^ 'vv 



y •.• .••*••*•• ••*•••.• 



..(260). 



Thifl Result depends really on the following evidence (Miss. Beport, pp. 248—261), 
The general equation [Eq. (26a) above] was "applied to all the original cnrves of 
observation, as first deduced by combining all observations where the depth was the 
same", with an assumed constant value of fi 0=:«1866) ; and afterwards to three 
additional curves (one original, and two extracted from Boilean's Experiments on 
wooden cauals) with values of /3 specially calculated to suit them (pp. 261— 268)* 
The principal data of these 14 curves are shown in the Table below. 





Step 1, BLEvrar Gnnviss. 


8TSP n. 

THBBB OUBVH. 




High Water. 


Low Water. 


Medinm Stage. 


4 
"1 


Bayoa 
La Foorche, 


Chesapeake & 
Ohio Canal. 






CaiTOIttan. 


Caironton and 
Baton^Bonge. 


1 


YiokSbnrg. 


Wooden 

Canals 

(BoUeany. 
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HiMiMippi Bepoxt, 


US 


149 


S49 


249 


250 


360 


358 


350,351 


Total depth (H)... 


110' 


70' 


66' 


100' 


80' 


60' 


66' 


76' 


55' 


27' 


27 


T'l 


1'.09 


0^62 


Number (») of ve- 






























locity ordinateS|.. 


7 


5 


5 


15 


13 


10 


6 


5 


6 


5 


5 


12 


15 


13 


Greatest velocity, . 


4-35 


3-70 


a*90 


1-97 


2*43 


2.39 


4*19 


7-54 


4*5^ 


6*52 


.V2S 


2*52 


2-86 


2*02 


Bange of velocities, 


•40 


.21 


•13 


•33 


•40 


•33 


•21 


•72 

• 


•56 


•50 


•10 


•55 


.92 


•48 


Value of j8 used,.. 


•1866 


•68 


MO 


1-07 



These curves certainly comprise an immense range of ** External Conditions'', both 
of depth (H varies from 0''62 to 110'), and of velocity (the greatest velocity-measure- 
ment varies from 1**97 to 7'*64 per second). Several of the first eleven curves are, 
however, not well snited to the purpose from their excessive flatness, which in* 
Tolves in all probability a very poor approximation to p. 

[The flatness of these curves is so great— -as may be seen by comparing the differ- 
ences between the greatest and least velodty^measurements (given in last line but one 
of Table above) which are seen to be very small compared with the depths which are 
all very large— that if plotted to same horiaontal and vertical scales — keeping to the 
imit8(feet and seconds) given^the curvature would be quite inappreciable io the eyeX 
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The eridenoe u to tiie closeness of the approximation to the valaes of P (and 
theiefoze also of p) is really solely of the kind described in Art. 10, Tis.^ 

With " trial yalnes " of Z and V assomed bj inspection of the plotted figure of 
the obserration-cnrve, and with the assumed valne of /3 i$ee Table above), and with 
▼alnes of V (independently obtained), the yelocity-ordinates (t^*) were calculated from 
the general equation (26a) for all the depths («) of yelocitj^measurement for com- 
parison with the yelocitj-measnrements (i^), and the differences or Discrepancies 
(pt-Vu*) taken out These Discrepancies (r. - v.') are shown (see the Tables on 
pp. 248 to 251 of Miss. Report) to be all yeiy small quantities for all the fourteen 
curyes,and reliance is apparently (p. 250, i5.) placed on the smallness of these quan- 
tities as proof of the " truth of the formula'' itself. But as explained in Art 8d 
this is good evidence only of the general approximation of the obseryation-cunres to 
a common parabola, and not of the goodness of the approximation to the values of 
fi or p, because a large variation in p would only slightly affect the small discrepan- 
cies (r. - v/}. 

Moreover, it will be seen that (although there were fourteen sets of data available) 
only four independent values of j3 were obtained ; so that the somewhat complex ex- 
pression (26d) for p, and therefore also that for p, rests on only four data, an altogether 
insufficient number. 

lib. Bazin ExpU^ Parameter.— Jn the original work (Bazin Expts. 1865) tho 
parabolic form of Vertical Yelocity-Cnrve was proposed only for the case when the 
maximum velocity is at the surface : and for this case the equation of the velocity* 
parabola was written (Bazin Expts., p. 228) in the foUowix^ form, wherein the notsr 
tion has been changed to suit the present work : — 

V - r = K . VH5 . (-g-) , (when Z = 0), (27a), 

wherein S = surface-slope, 

E = constant = 20 for metric measures, or 86*2 for English feet,....(27&). 
In a later Essay (*' Discussion, &c.," p. 313) this was modified to suit the (far more 
common) case of the maximum velocity being below the Surface into the following 
form, the notation being changed as before — 

V - i> = K VM . (g-E-z) » (^^)- 

Comparing this with the form Eq. (2) of Art 2 used in this Work, it is clear that 
the later expression for the parameter proposed is 

'=wS*" — --•• '""^''^' 

This result rests on the following evidence, (tee << Discussion", pp. 818 — 825). 
The general equation (27a) above is applied to the following curves :— 
15 of the small scale Basin Experiments, (on canals of 6'*5 wide.) 
12 of various Experimenters on European Rivers of moderate size. 
11 from the Mississippi Report, and 20 from the Irrawaddi Report 
Its application to the 31 curves taken from the Mississippi and Irrawaddi Reports 
fails utterly, so that this evidence is entirely oi^aintt the truth of the expression, 

TThis failure is ascribed partly to inaocoracy in the Misiiflsippi and Imwaddi 
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Ezperiments dae to the nae of the Doable-Floftt ; and partly (in the case of the 
former) to the mode of combination (of doubtful legitimacy) of Sbts into Sbbibi 
naed (tse <* Diecnaeion, &c/' p. 347)]. 

The application is made by a preliminaiy modification of the general equation (27^) 
to the obyioualy equivalent form, more conyenient for his system of gntphie delin- 
eation, 

V-« /H-Zvt ^ ,«-Zv« 

VM • (-H-) = K . (-g-) (27.). 

This may be written in the shorter form— 

y' « K.***, (2tr), 

by introducing the abbreviations— 

The values of the quantities a^, y' are then calculated for each curve (from the ob- 
servations) for all the depths (<) of velocity-measurement ; and these values of y' are 
then plotted as ordinates to the corresponding value$ o/w' taken as absdsssBi thereby 
giving rise to a sort of modified ** observation-curve ". 

The parabola whose equation is Y = EX* is also plotted to the game axes, giving 
to E the constant value E = 20 in metric measures (= 86*2 for English feet). The 
observation-curves just plotted are found in the case of the first 27 curves to coincide 
tolerably closely with the parabola Y = KX.\ or in other words, the Discrepancies. 
Or'- Y) between the ordinates of the observation-curve, and parabola are all tolerably 
small quantities. Thus the evidence as to the closeness of the approximation to j? is 
solely of the kind described in Art. 10, and is therefore not good evidence as to the 
closeness of the approximation to p. And such as it is, it accords only with the 15 
Experiments on the small Canals, and the 12 on moderate sited Bivers, but fails with 
all the 81 cases on the large Rivers. 

llo. ^^^ Trial-parameters,— It can be seen at a glance from Abstr. Tab. St 4| 
which show the numerical values of the parameter (;>), for each of the 45 Vertical 
Velocity-Curves, and also from PL XXI, XXII wherein the parameters (p) are 
shown (for the case of central verticals only) as ordinates to the depth on each 
vertical taken for abcisssD, (the curve of p being shown by a chain-dotted line) 
that— 

*<The value of the parameter (p) increases on the whole rapidly on anyone 

vertical with the depth (H) on that vertical", - (49)« 

The Tables and Plates also both show— by the irregularity of the parameter-curve 
—that the parameter depends in an important way on some other elements than the 
depth alone. 

In consequence of the high theoretical interest of this question, a great many 
attempts were made to find an expression which should fairly represent the para* 
meter, but with very littie success. The following expressions were tried, the forms 
of which are suggested by those proposed in the Mississippi and Basin Experts. 
Reports :— 

H* H« JJl^ (H-Z)« (H^ Z)« (H - Z)« 
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[The MiflBiasippi and Bazin expressions are respectively H'-rVjSV and (H— Z) 
-^K VHS : the expressions H*-^ V/SU and (H - Z)'-^ VH^. are thenearast to 
these which the data of the present Experiments affordl. 

Abstract Table 7 shows the yalnes of each of these expressions, and also of p, 
Bp, Z, H, U, (v., - U), for all the yelocity-paraboln on oenti;^ yertical. These 
eight expressions are also shown in PI. XXII I plotted as ordinates with the values qf 
p taken as abscissa for each Site separately. This mode of plotting has the advan- 
tage that it wonld show at a glance if any of the expressions tried were either equal 
to jr, or proportional to p, (by the tips of the ordinates lying on a straight line paasiog 
ihrongh the origin,) or even connected with p in any simple manner (by the tips of 
the ordinates lying at any rate in some fairly flowing curve, wholly convex or wholly 
concave to the Axis of abscissaB). 

A glance at the eight curves will show that — 
yig» 1. All the curves are pretty regular, and some of them approximate fairly 

to straight lines through the origin : so that for this Site, it appears that p is 

roughly proportional to each of the quantities — 

(H-Z)«, (H-Z)«-T- a/u7 (H-Z)«^U, (H-Z)>^a/H^ 
Fig. 2. Most of the cnrves are extremely irregular : omitting, however, a few 

ordinates, viz., those corresponding to p = 48-0, 79'5, 89*5, the following — 

(H - Zf, (H - Z)» ^ a/iJ; (H - Z)» -H U, (H - Z)« -^VSfJ 
give tolerably regular curves. 

Fig. 8. All the cnrves, except those involving (H — > Z),are extremely irregular : 
and of these, if the ordinates corresponding to p =: 80 5 be omitted, the follow- 
ing, via.— 

(H - Z)\ (H - Z/ ^ VU, (H - Z)» ^ VHF, 
give tolerably regular curves. 

[In making these comparisons, the amount of ** probable error " (Rp)in the values 
of p must of course be borne in mind : by replotting the Diagrams, changing the 
values of p by amounts within this limit, the regularity of most of the curves could 
be greatly increased. The '* probable errors" Bp are given in Tab. 7 to show what 
great changes are admissible. 

It will be seen that most of the curves whose ordinates involve (H— Z)' are for all 
three Sites — much more regular than those whose ordinates involve H*. It cannot 
however be said that the endeavor to make the value of p depend on (H— Z) (as 
proposed by Mr. fiaain) instead of on H is really a step in advance, because the for^ 
mulsB of Art. 9 show that p may be made to depend on (H — Zy or H' equally well 
by a suitable adjustment of the denominator. The formnle of Art. 9, moreover, 
show that any true expression for j9 must be </ the order, 

p = (measure of length)' -7- (velocity), ^ (28a), 

and since velocity may be expressed as '^2gh, wherein h is the only variable, the 
above may also be expressed as— 

p = (measure of length)* -^ (2^ x measure of length) , (28i). 

No expression not of this form can be expecled to be aught but an empirical one, 
and therefore only suited to a limited range of data. 

[The Bazin expression is of form (28 A), but the Mississippi expressioo is not of 
either of above forms]. 
It might be supposed that since the expression t^ H*-?- (vah ~ ^) 9^^^^ the value 

2 c 
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of p aeeuratetyt (Art 9,) 80 that for a given depth of water (H), p is inTersely 
proportional to {v — U), the labor of the calcalations of sach quantities as the trial 

expressions for p above proposed might be avoided bj endeavoring to trace the de^ 
pendence of the quantity {v.^ — U) on the external conditions. 

It wonld, howevei^ for the reasons explained in Art. 9, be absolatelj necessary to 
use the " adjnsted valnes " of 0_, U for this purpose. And, in this case, there might 

perhaps be some advantage in tiiis process. 

It does not seem worth while to pursue this investigation any further : sufficient 
has been done to show the extreme uncertainty of it : it confirms on the whole the 
previous Conclusion (20) that the data do not admit of the determination of the 
parameter with sufficient accuracy to render the attempt to trace its dependence on the 
External (Editions a veiy hopeful one. 



CHAPTER XII. 

DEPRESSION OP MAXIMUM VELOCITY. 

/V</'<iee«— The sabject of this Olu^pter is chiefly of theoreticol interaat. 

1. Depression of Max, Velocity. — Perhaps one of the hest established 
experimental results of modern hydraulics is the depression, as a general 
rale, of the line of Maximum (Average) Velocity below the surface* 
The fact is generally admitted, but there is considerable controversy 
among hydraulicians as to the cause. Two causes are generally pro- 
posed — 

1^, Resistance of the Air ; 2^, Distnrbance comxnimicated from the bed and banks. 
[Of course the above applies only to Average Velocities. In comparing single 
velocity-measarements at different points on the same vertical, the mazimnm miffht 
be found anywhere in consequence of the Unsteady Motion]. 

2. Various opinions. — The Opmions of modern Experimenters and 
Writers will be here quoted at some length, and the evidence from the 
present Experiments given afterwards. 

2a. BaiUau Experts, — As to the cau$e of the depression of the maximum velo- 
city line, the Conclusions given are — 

p. 308 — ** That cause cannot be solely the resistance of the layer of air in contact 
with the fluid surface, acting like the sides of a pipe, for the mobility of this layer 
of air does not permit of attributing to it a retarding influence so great as that 
shown by the rapid decrease of velocity in the upper part of the current ". 

And again, remarking on certain cases in which the depression existed even with a 
wind blowing down-stream, (p. 318) — 

'* However the layer of air close to the surface, moving in the same direction with 
it, could not oppose to its motion aught save a very feeble — or perhaps ev^ n sero or 
negative — resistance. It is then chiefly in the mutual actions which subsist between 
the fluid particles, and in the oblique or rotatory movements which result under the 
influence of these forces from the difference of velocity of neighboring particles, 
that the explanation of the phenomenon of the decrease of velocity close to the 
surface of a stream is to be sought ". 

2b. MUnMsippi Report, pp. 286, 2S7.»The Conclusions given are— 

** The observations already detailed prove that even in a perfectly calm day there is 
a strong resistance to the motion of the water at the surface as well as at ilie bottom. 
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and — as will soon be seen — that it is not wholly or eyen mainly caased by frictioii 
against the air. One important cause of this resistance is believed to be the loss 
of living force, arising from upward currents or transmitted motion occasioned by 
irregularities at the bottom. This loss is greater at the surface than near it ". 

'* For all general purposes, it may be assumed that there is a resistance at the sur- 
face, of the same order or nature as that which exists at the bottom. As the dis- 
tance from the loci of these two resistances is increased, their effect, propagated by 
the cohesion of the different particles of water to each other, is diminished. Where 
these diminished resistances become equal, the current acquires its maximum velo- 
city". 

" The depth of the axis [i.0.,line of maximum velocity] varies in direct proportion 
to the force of the wind, increasing for up-stream, and diminishing for down-stream 
breezes, bat without producing any effect upon the form of the curve". 

****** 

'* The axis f i.A, line of maximum velocity] can rarely be at rest ; every varying 
breeze, however gentle, most affect its delicate adjustment^ while the stronger pulsa- 
tions of a high wind must produce an oscillatory movement even grea{er than that 
in the tops of the tallest trees ". 

It will be seen that though it is (at first) advanced that the resistance to the mo- 
tion near the surface is " not mainly caused by friction against the air ", nevertheless 
(a few lines lower) the position of the maximum velocity line is made to depend 
tolely on the windt ^s is also clear from the formula given for the depth (Z) of 
this line (pp. 262, 288, 297) in a vertical of depth (H),— 

Z = (-817 + -0V).H, 
in which the only variable is the force of the jfind (/'}. 

2o. Batin ExperimenU, — The Conclusions given are— 

See p. 24. ** It is known that the surface-velocity of the stream is habitnally less 
than at a certain depth below. The resistance of the air does not suffice to account 
for this decrease near the surface, for it persists even with a wind from up-stream 
which should accelerate the upper-layers ". 

Again, (p. 233). " The law of variation of velocity in a channel of immense 
width is very simple ; but if we examine the case in which the depth is so great 
compared with the width, that the action of the sides may have sensible effect as far 
as mid-channel, this distribution appears to vary according to very complex laws. 

• * • * As the depth increases ♦ 

the maximum velocity is found no longer at the surface, but at a pretty considerable 
depth below. The resistance of the air to the motion of the upper-layer has certainly 
only a feeble influence on this phenomenon, admitting however, as we have always 
done hitherto, that the Experiment be done in calm weather *\ 

Again (p. 225). " In flow in an open channel, on the contrary, considerable dis- 
turbance is produced near the surface of the stream. This disturbance which appears 
to be much greater when the velocities are less, causes the maximum velocity to sink 
to a great depth "• 
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It would fldem that the antfaor oonfliden the disturbed motion near the 8nr£aoe to 
be the prime cftnse of the depresfiion of the maxim am Telocity. 

2d. Connecticut Report of TS, p. 314. — The Conclusion g^ven in the diecnaslon of 
the vertical corves is — 

** During the season when the herein-described current experiments were made at 
Thompsonville, the winds were generally very light, and the greater part of the ob- 
servations were but slightly affected by the effect of the wind npon the surface of the 
water. The curves were grouped in various ways to determine the amount of wind 
effect, but the results have not been very satisfactory. It appears from some of the 
observations that other causes than the effect of the wind raised and lowered the 
thread of greatest velocity, which the number of observations taken was not sufficient 
to eliminate. The best result that could be obtained was that the axis of the vertical 
curve was raised or lowered about j^ of the depth for each mile per hour the wind 
was blowing down or up-stream ". 

2e. J^oeeleyU Steady Flow, (Phil. Mag., Vol. XLII, XIIV).— The view given 
in this Paper is quite different. After showing (Vol. XLII, p. 353) that preaiture 
deereagejt with increase of velocity (in pipes flowing full), and accepting the fact that 
velocity decreatet from centre to tides (in open channels), the Conclusion (VoL 
XLrV,p. 44) given is — 

<<As the pressure is everywhere less where the velocity is ^rreater, it is evident 
that there will be a tendency in the liquid on the surface to flow from the sides of the 
channel towards the centre, and that thus the velocity of the surface-water at the 
centre will be diminished, and the water heaped up, drowning, as it were, the point 
of greatest velocity in the section ". 

2f. Mr, Francis* i Opiniony (A mem. Socy. of Civ. Engrs. Trans,, Vol. VII, No. 
CLX, May '78). — In this Paper the depression of the maximum velocity is attributed* 
— not at all to the influence of wind, but— to the rising of slack water from the bed to 
the surface, and to its subsequent lateral spread over the surface, whereby the increase 
of (down-stream) velocity which it mnst surely acquire whilst rising through strata 
of quicker (down-stream) motion is partly expended in lateral motion, instead of ap- 
pearing in the form of an increase of (down-stream) velocity. 

In the « Discussion " npon this Paper, none of the speakers advianced the subject 
much ; also none of them attribute much influence to the wind. 

2^. Professor Jas, Thomson* t Opinion^ (Royal Socy. Frocgs., Vol. XXViii, No. 
191 of Deer. *78, Paper I>— 

In this Paper Prof. Jas. Thomson gives in effect* much the same explanation as 
that of Mr. Francis (supra), 

S. New Evideiice.— The Abstract Tables (8, 4) and Diagrams 
(PI. XXI, XXII) enable the effect of the following External GonditionB 

on the position of the mazimam Telocity line to be traced, viz.^* 
!•. Depth of water. ^. Snrface-Fall, or Velocity. 8*. Wind. 
Sa« Depth, Effect of.^^A cursory examination of the two curves (PL XXI, 
XXII) showing the — 

Actual Depression (Z) of max. velocy. line. 
Proportionate Depression (^ = Z -f- H) of ditto, 

• Qaotatlani both short and to the pdnt cannot tereidfly nude fima this Paper. 
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for all iihe 27 Telocity^parabolie on central verticals, (Ser. 1—9, 11 — 28) will ihow 
at once that these carves are extremely irregular, their variation apparently in no 
way following that of the depth (H) on the vertical : 0.^., the highest valoes of 
H, (10-89 in PL XXII ; 9*94, 9*46, 9*41 in PL XXI) carry with them both the high- 
est and the lowest valoes of Z and C* This points to the Conclnsion — 

'* Neither the actoal nor proportionate depression (Z, Q of the max. velocy. line 

depend much on the depth of water (H)", (I). 

31). Vblocitt and Surface-Fall, Effect o/l— A detailed comparison of the 
lines of Velocity (V, v^ U, &c.,) and of Surface-Fall (F„ Fj, F3) with those of Z 
and C in PI- XXI, XXII, will show that for the case of Central Verticals there is a 
considerable degree of correspondence in the variations of these quantities at the 
Sol&nf Aqueduct Sites, and to a lesser degree in the SoI&n{ Embankment Sites, to the 
extent that a rise or fall in some one of the former lines is usually a>eeompanied hy a 
rise or fail in the lines of Z and Z, especially of ^. The same may also be seen in 
Abstr. Tab. 6* 

[This Table is only a re-arrangement of part of Abstr. Tab. 8, 4, arranged in the 
order of increasing vaJues of the proportionate Depression (( a Z -H H). The " prob« 
able error " (R.) of Z will give (when compared with the magnitude of H, not of Z 
itself) the measure of confidence in the Results. The Serial Numbers enable re- 
ference to be made to the Detailed Tables VII— XIX]. 

Soldni Aqueduct Sites. Omitting the case of work done in the Right Aqnednct 
with the Left Aqueduct closed, (an altogether exceptional state,} it will be seen 
that'- 
ll « The rises and falls in the line of C correspond closely with the rises and falls 

in the line of F], omitting 4 cases (out of 16), viz., Ser. 3, 14, 15 and either of 

Nos. 8, 9 ". 
2^ ** The rises and falls in the line of Z correspond closely with the rises and 

falls in the line of U, omitting 2 cases (out of 16), viz., Ser. 2 and 1 4 ". 

Soldni Embankment Site. This Site presents a marked contrast to the former — 
1^. "The rises and falls in the lino of C correspond closely with the rises 

and falls in the line of F^, (but not of F^,) omitting 2 cases (out of 8), viz., 
Ser. 24, 26 ". 

2^ ** The rises and falls in the line of C correspond closely with the/a//« and rises 

in the line of U, omitting 2 cases (out of 8), viz., Ser. 24, 28 ". 

With the marked contrast in the manner of correspondence of the line of ^, with 
the Surface-Fall and Velocity lines at these Sites, it seems difficult to draw any cer- 
tain Conclusions. 

[This shows the danger of drawing general Conclusions from a small number 
of data. Had the work at the Sol&ni Aqueduct Sites alone been available, the Con- 
clusion to be drawn would have seemed clear]. 

Viewing them together, it seems probable that — 
" The proportionate depth of the max. velocity line on a central vertical increaBes 

and decreases with increase and decrease of the Surface-Slope (Surface-Fall near 

the Site,)" (2), 

but the evidence is insufficient to enable the quantitative connection to be traced. 
It seems also (to the Author) probable that the temporary state of the water-surface, 
i.e., state of rising, being stationaay, or falling, may have much to say io this : but 
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tliia is a question which cannot be traced at all by Average Resalts (each as the 
present ones) in which these states are probablj often combined. 

8e. Wind, Effect a/.— Next, a comparison of the carves of Z, C with the " Aver- 
age Wind" plotted at foot of the Diagrams will, with help of Abstr. Tab. g^ enable 
the effect of the Wind on the position of the max. velocitj line to be traced. 

It will be seen that the variation of Z, ( seems to bear hardlj anj relation to the 
state of the wind, and that in particular high valuet of Z, C do not corretpond to 
winds blowing up-itream (south wind), nor lorn values to winds blowing down-stream 
(north wind)— as they would npon the Theory advanced by the Mississippi Experi* ' 
menters— but rather the contrary. 

[The Results for different Sites should be compared together-^thus the highest 
np-stream (south) wind gives, see Ser. 4, Left Aqueduct, a value of C = *194, which 
is lower than any value (j/* C in the Bight Aqueduct]. 

The general Conclusion from this is that— 
** The position of the max. velocy.-line isnot sensibly affected by the wind *\ (8). 

[It may perhaps be that the Averagb Winds in the Series available are not in 
general high enough (very few exceeding 5 feet per second) to test this point satis- 
factorily. The mode of combination of Sets into Sbbibb {Ch, Vl, 18) is in fact not 
well suited to show Wind effects, as opposite winds are in this way frequently com- 
bined so as to leave little resultant effect, see Gh. V, 2ltf1. 

4. Wind-effect trifling.— The present Experiments then bear oat 
the Besnlts of most of the previous Experimenters in assigning a 
comparatiyely trifling effect to the wind in eleyation or depression of 
the maximum Telocity line. That it should be so trifling seems yery 
surprising. 

The analogy of the known effects of wind on large bodies of water 
will perhaps serve to explain this. These are known to take the form 
chiefly of production of wave-motionj not of translation of the surface- 
water. Were it otherwise, every high wind ought to produce a surface- 
current on a lake and on the ocean, and the water-level should stand 
markedly higher on the leeward than on the windward shore, which are 
both contrary to observation when the wind ia only temporary. 

In order that a high wind should produce marked effects of translation 
of the surface-water, it seems essential that the wind should be sustained 
for a great length of timey and in such cases it is well known to produce 
marked surface-currents, and also elevation of water-level. 

[Witness the effects of the trade winds as shown in the equatorial currents ; and 
of the wind which blows steadily up the Red Sea in certain months as shown in 
raising the water-level at Sues. The acceleration or retardation of the tide which 
often occurs with a high wind in a nanow channel is rather a case of the wave-effect 
of wind. 

The time required for the penetration of the change of velocity of the surface- 
current canaed by wind to any considerable depth appears to be very great. It has 
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been estUnated* that it wonld take— 

1 week for i change of garf aoe-velocity to penetrate 8 feet 

li days for iV o » »» » m 

If this Estimate ia in anj waj approximate, it will serve to explain the slight 
effect of the wind in deration or depression of the maximnm Telocity as observed 
in canals or rivers ; the wind having been probably of short duration in most of 
the cases]. 

6. AirB6siBtanee.-»The Opiniomi previoosly qaoted against the ad- 
mission of the Eesistance of the Air as one of the chief causes of the 
depression of the maximum velocity line, appear to be all based on a con- 
sideration of the trifling efifects of Wind on the position of this line. It 
seems to have been assumed that if the Resistance of Uie Air were in any 
way a sufficient cause of this phenomenon, the effects of Wind ought d 
fortiori to be still more marked. 

If the explanations just given of the trifling effect of Wind can be ac- 
cepted, it seems (to the Author) that the Resistance of the Air must still 
be admitted as one efficient cause of the depression. It seems* that the 
effects of Wind (in causing translation) are well marked when the Wind 
is long enough continued to admit of it. This removes the principal 
difficulty in admitting the reality of the Air Resistance. The ordinary 
state of the air in all the Experiments on rivers and canals was probably 
either calm or else wind not sustained in both direction and intensity for 
a great length of time, so that the average position of the maximum 
velocity line in (the average of) such Experiments would be usually that 
due to still air : that is to say, depressed below the surface, (if the air 
causes any resistance at all.) Now this state (depression) is admitted to 

he the ordinary state, 

6. Flow in Pipes and Open Channeli.—The Diagrams in the *' Bazin Experi- 
ments" Atlas showing the distribntion of velocity through the cross-eection of (reo- 
tangnlar) Pipes /lowing full, and of (rectangular) Open Channels seem, when 
compared together, to throw some light on this. 
It will be seen (PI. XVIII— XXI of Atlas quoted), that— 

Pipes. The Wet-Border had complete symmetry, both geometric and physical, 
about both axes of the (rectangular) croes^section. 

Open Chaiinbl& The Wet-Border (including the Air-surface in this term) 
had complete geometric symmetry about both axes of the (rectangular) cross-sec- 
tion, and physical symmetry about the vertical axis, but not about the horizontal 
axis, (the upper surface being of air, and the lower of rough material.) 

The Telocity-distribution was found to he very similar in the two cases, {jtet the 
Plates quoted) «o far as the relation* of the Wet^Border were iimilar, viz., — 
Pipes. Very synunetrical about both axes of the cross-section. 
• bj Fnf. Zoppritc (rf QiflMD, pDb. in Tan Hostemod's liaga., Vol. XXI of '79, p. SIS. 
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Opbn CHANKBLa Yeiy symmetrical abont the yertical axis of the o-oss-aec- 
tion : and with the max. velocity line highest on the central yertical, and sinking 
deeper for rerticals nearer the sides. 

Thas the two cases agree in symmetry of yelocity-distribntion about the vertical 
axis, i,e., jnst to the extent that Uie Wet-Borders are similarly related. Next, the 
symmetry of velocity^distribntion abont the horizontal axis in the case of the Pipes 
flowing full seems to be doe to the physical symmetry of the top and bottom edges 
of the Wet-Border. And, the change in that distribution in the case of the Open 
Channels is jnst what wonld seem likely to be doe to the sabstitation of a tolerably 
smooth upper surface (in place of the rough upper surface of the Pipes) capable of 
exercising an efficient resistance to the flow, but to a much less degree than that due 
to the comparatively rough bed. 

[In this view the Air-Surface is to be regarded as a part of the Wet-Border, exert- 
ing a small but sensible resistance to the flow]. 

Let the effect of such a smooth upper surface be considered. It would seem pro- 
bable that — 

1®. There would be symmetry of flow about the vertical axis, because there is 
complete symmetry, both geometric and physical, of the Wet-Border about 
that axis. 
2*. The max. velocity would be nearer the upper than the under snriaoe upon 

every vertical because of the less resistance at the upper surface ; 
S^. but would nowhere approach quite close to the upper surface, unless the 

resistance was zero at some part thereof. 
4^. The max. velocity line wonld be highest on the central vertical, because the 

resistance of the sides wonld be least efficient there ; 
5°. and would sink deeper and deeper on verticals nearer and nearer to the 
sides, because the resistance of the Border (^.e., sides and top) would become 
more and more efficient ; 
6". and would be deepest (but above mid-depth) close to the vertical sides. 
7^ The lines of least velocity would be at the four comers of the cross-section ; 
the resistance being most efficient at the comers, as being due to the close 
proximity of two resisting surfaces (one vertical, one horizontal) at each 
comer. 
The whole of the above description of what would teem to be the probable state of 
Telocity-distribution in a rectangular Pipe with smooth top and rough bed agrees in 
a general way closely with the Diagrams figured in PL XVIII— XXI of the ** Bazin 
Experiments " in the case of small Open Rectangular Canals : and also in a general 
way (i.e., with some exceptions) with the Results of the present large scale 
Experiments in the rectangular channel of the 8ol&nf Aqueduct (PI. XIII, XYI, 
XVII, & XXX A, 4 ; the Cross-Sections on PL XVII, XXX A bear especially on 
this point). 

7. Beviewing then all the evidence, the Conclusion seems fair that— 
^ The Air-Surface is to be regarded as a portion of the Wet-Border causing a 

slight but sensible resistance to the flow", (4), 

also that— 

" The Depression of the Max. Velocity Line is due largely to the resistance of 

the Air, (but not to temporary Wind) ", • (5). 

2 D 



CHAPTER XIII. 
DISCHARGE PAST A VERTICAL. 

Pnfae* ^The practical bearing of thla Chapter la explained in Art. 1, S. Detailed Fommla art 
giren and dlaonned in Axt. 2— ib. 

1. Discharge past a vertical, (D).«The quantity of water passing a 
yertical line in one second is evidently a superficial quantity, measure- 
able say in square feet, and will be styled for shortness the Disohabob 
PAST THAT VERTICAL, and will be denoted by the letter D. 

It is obviously measured by the Area of the Yertical Velocity-Curve. 
It^s a quantity of not much practical importance in itself; except as 
being a Step towards the computation of the Total Discharge of a 
channel. 

2. Discharge-Formnls.— 'The velocity-measurements made at every 
foot of depth on the same vertical enable the Discharqb past that 
VERTICAL to be computed by known approximation formulas. 

2a. Approximation.— The best approximation-formulie to an Area divided 

into 1, 2, 8, 4 n equally broad spaces by equidistant ordinates are giren in 

Works* on the Calculus of Finite Differences : these Rules are equivalent to sup- 
posing the boundary to be severally a straight line, parabola, cubic, quartic n*ic 

respectively, and each Rule of higher degree is in general a closer approximation 
Uum any combination of Rules of lower degree would be. The labor of application 
of these (which are the best) formulsB would be excessive, and not worth under- 
taking, except for the four cases whore n = 1, 2, 8, 6. In these four cases the for- 
mnlflB are so simple as to be of easy and rapid application, and they are accordingly 
given in all the larger Worksf on Mensnration, together with their generalizationi 
(which are simply repeated applications) to the case of an Area divided into any 
nuinher (n) of equally broad spaces by equidistant ordinates. These generalization! 
are equivalent to supposing the boundary curve to be made up of straight lines, arcs 
of parabolflD, arcs of cubics, or arcs of sextic curves, (and are accurate for such cases, 
except the last, (Weddle's Rule, which is accurate for a quintic, and is highly ap- 
proximate for a sextic and even septimlc curve,) and each Rule of higher degree ia 
usually a closer approximation than any combination of Jluhi of lower degreee. 
These Rules are conveniently termed the Trapesoidal, Parabolic (or Simaon'a), CnbiCy 
and Sextic (or Weddle's). 

• M« BoolVs "Calcnltii of Finite DUtcreiiOM", Chap. Ill, Art. 7. 
t «M Moora'i '*Kl«nantary TreatlsB on IffeDmratloa," Chap. XI. 
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Sb« FosMXTLja U8BD.^Tbe f ormuln actaallj used in each case in the present 
Work for the Discharge past the vertical throughout from the surface down to the 
level (nominally « feet) of the lowest velocity-measurement (rn)} are given in the 
Tahle below, and will be found useful for use in like cases hereafter. They are in 
each case probably about the best* approximation consistent with tolerable facility 
of application. • 

The notation used is, in addition to that before given (Ch. X, 9*)^ 
k = width of spacing of ordinates s= 1 foot in present Experiments, 
n = number of equal spaces. 

nk = nominal depth (in feet) of lowest velocity-measurement (ob)- 
Ba = Discharge past the vertical from surfnce to nominal depth n feet 
D = Total Discharge past the vertical from surface to bed. 
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[It might be supposed that the formuln above given — ^judging merely from their 
apparent length — were troublesome of application, but this is not the case : the co- 
efficients involved are all so simple, and the order in which the odd and even 
Velodty-ordinates succeed each other is so regular, that with a little method in the 
way of nsing them, they are extremtiy iimpU and easy of application, and can be 
quickly picked up by the most ordinary computer, at the same time that there is con- 
siderable gain in accuracy in their application]. 

2o. C^nreetion to letNevel — ^The above Besults are the value of the quantity 
Da, i.A, of the Discharge down to the nominal depth (a feet) of the lowest velocity- 
measurement. They require a small correction for the difference between the full 

* It Is bowever opan to quMfcion whetlwr the oomUnakkos uatd when » !• not a mnltlple of 1, 8, 
8 lie tlia bflit. Thna when » s A, 7, 11, a comUnatioii of tbo Cnbio and BfiBwm'i BoIob would pos- 
albly have bean better tban thoee need. 
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depth (H) and aboTO nominal depth («i feet). Two Cases present tbemselTCS ac- 
cording as H < > N, «M Ch. X, 13. 

i Full depth (H) < nominal depth (n feet) of lowe$t veloeity'WuaiwaMwL 
The Discharge Dq abore compnted is obyioosly too grtat; having been computid 
upon a nominal depth (n feet) > the fall depth (B), The only obyions lednctiaa 
possible is to reduce the compnted Discharge (Do) in the ratio of H to a, thos— > 

H 

Discharge required, D = — • Dn, , (18). 

a 

ii. FuU depth (H) > nominal depth (n feet) of lowest vetocity^wteoiwremont. 
In this case the compnted Discharge (Do) is too tmall by the quantity discharged 
throngh the space (H — n) feet between the lowest yeloeity-measnrement (Oa) and 
the bed. The bed-velocity (v,^ ) haying been aLready compnted (Ch« X, 18), this ad- 
ditional quantity is approximately — 

Correction to bed-le?el as (H ~ n) • 5 , (U). 

and finally,* Discharge required, D = Dn+(H- a). -^yi (15). 

2d. Simple Bales, ^rr in drfect-^For simplicity's sake one or other of the 
following Rules (apparently simpler than those above given) have sometimes been 
used in working up other fizperiments :— * 

Trapeaoidal Bale, Do = ^k [vo + »n + 2(wi + »j + -r^ + r^j)}... (16). 

Arithmetic Mean Rule, D s= Hx Arithmetic mean of the Telocity-measnrementB 

= Hx "'^"'^"^^p-"- (17). 

[This last Rule seems to have been employed in the Connecticut Experiments, 

(iee Report of 1878, pp. 818, 862]. 

The only merit of these two Rules is their simplicity, but it may be shown that 
they both constantly tend to error m drfect in the long run, (though not necessarily 
of conrse in single instances.) 

All Experiment tends to show that the Average Vertical Velocity-Curve is gcner- 
ally a Curve wholly convex down-ttream, (see Ch. X, 8). Now the Trapesoidal Rule 
gives only the Area of the inscribed polygon (PL XX, 4) formed by joining the ex- 
tremities of the successive ordinates (ro, t?,, »„ »„), and gives therefore a Result 

obviously too small. 

Again, the Trapezoidal Rule gives the Discharge (D„) only down to the level of the 
lowest velocity-measnrement (»„); the Arithmetic Mean Rule gives the following 
Result down to the same level, (making K=zni\ 

n+1 

= {<f.+r,+r,+ +v,)- '>'*'>>-^^*- +"« ] .4 

^ n+1 / 

• In tha 1874.74 Report the Dinhugw giTtn ue only fh* TilaM of D^ •• above, U, oompatad 
•Blydowntolovdof Mfeot without ftpplylaf the Bod^oomoUon: Chia if dearly ■hown ia the 
headiogB of the Tablet V to IZ of that Work. 
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Kow the first of these quantities is the Trapezoidal Bale Resnlt ; and it is easy 
to see that in a wXoUy eonioex eurve, (PI. XX, 4) — 

The Arithc. Mean of the extremes, niE in Fi{f. 4, is always < the Arithc. Mean 

of aU the oidinates, i. e.,3^ < ^-*' '^'•*-'^»-*- "y ^''^n 

Thns, fr^eii ewnparei thnmgk the Mime epaete (» feet), the Arithmetic Mean Rnle 
giyes a Kesnlt smaller than that of the Trapezoidal Rnle, and therefore ik fortiori too 
small a Resnlt. 

Summing np, then it appears that— 
'' TheTrapesoidal and Arithmetic Mean Roles both err in defect in general ", (18). 

[The Errors due to adoption of these Rales are of coarse smalL Still they are 
known to be constantly in one direction : as snfficientiy simple and more aocnrate 
Bales are available, there can be no excuse for not adopting them]. 

S. Areaant DisdiaxgeS***'^^^ Discharges past the rerticals were computed by 
the above formulie separately for every Sbt of Sabsurface Velocity-work in these 
Experiments. These may be called Faib Dischabob-mbasurkm Birrs, (for the 
reason given in Ch. VI, 16.) The Results are shown in Col. 7 of all the Tables VII— 
XXVIIL The means at the foot of these columns in each Sbubs are the Atbraob 
DucHABOBS past the verticals in question freed in general from the Observers' per- 
sonal equation (Ch. VI, 18). 

[It must be observed that the formula for Discharge above given are in no way 
connected with the difficult question of the geometric figure of the Velocity-Ourve, 
being simply the ordinary formula for Areas of curved figures in which a number of 
equidistant ordinates are known ; and are therefore correct approximations Independent- 
\j of the question of whether the Velocity-Curve be a Parabola or not J. 

4. Errors in Besolt. — It will be seen that the Disohabgb past a 
yertical is yirtnally made up of two factors, yiz., depth and velocity. Any 
Error affecting either of coarse affects the computed Discharge. 

L Defth-EbboB.— An Error (AH) in the estimation of the depth (H) on 
any vertical of course affects the Result proportionately, so that-* 

** Error in Discharge = U . AH *', (19). 

[The Error due to this is presumably least in calm weather, and greatest in a high 
wind, (from the greater difllculty of determining the depth accurately (Ch. V, 15) in 
this case)]. 

ii. Vblocitt-Ebbob. — Errors in the (average) velocity-measurements used arise 
from two sources, viz., 1^, Unsteady Motion ; 2^, Instrumental defects. 

4a. Uneteady Motion* — ^The effect on the computed Result is that the Discharge- 
Measurement (D) of a single Sbt can only be accepted as a Paul Aybbaob (Oh. 
VI, 16) and not as a good average value. 

4b. Inttrumental Errors. — ^The general effect of Instrumental Errors on the Dia- 
diaige-Measnrement may be inferred from their effect on the figure of the Velocity- 
Curve, (Ch. X, 10, & PL XIZ) thus^ 

Casb (a). Greatest Veloeity at tie surface. Fig. 5«— 
'* The Area of the Observation-Curve is > the Area of the true Curve, and 

therefore the Discharge-Measurement is > the true Discharge", (20). 
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Casb (5). Qreatttt Vtloeity lOow the turfaee. Fig, U—- 
^ When the Mazimnm^Velocitj Line is anywhere near the Burface G>eloir 

of oonne), it is clear that the preceding Reenlt will etill obtain ", (21a), 

and that — " the Areas will approach to equality as the Maximnm Velocity^Line 
gradnally sinks, until that line attains a position (aA in Fig, 55), in which the 
loss of area aboye Q is balanced by the gain of area below Q, so that the Areas of 
the two Curres are then equal, and the Discharge-measurement correct *\ .... (2U). 
Also, " As the Line of Maximum Velocity sinks below this critical position, it 
is dear that the Area of the Observadon-Curye falls short of that of the true 
Cnnre, because the loss of area above the point Q (where the curves intersect) will 
be greater than the gain of area below that point, so that the Discharge-Measure- 
ment is < the true Discharge", ^ (21c). 

[There is some reason to think that the limiting position of the Line (aA) of 
maximum velocity is about the depth ha = iH, because this is the depth for which 
the Area BAC = C2D, accurately on the Parabolic Theory hereafter explained, and 
therefore approximately whether the Curve be Parabolic or not]. 
• These Besults may be summed up as follows /or aU eases : — 

** The Discharge-Measurement (D^) > the true Discharge (D) when the Maximum 
Velocity Line is at or near the surface, and approaches equality with it as that lane 
gradnally sinks to a depth of about ^H, when they become equaL As this Line 
sinks still further, the Discharge-Measurement falls short of the true Discharge, and 

the discrepancy increases as the Line of Max. Velocity sinks", ••.•..•••••••• (22). 

or in symbols— 

D' > D from Z = to Z = JH (about), and (D' ~ D) decreasing (22a). 

D's=DwhenZ = about|H, (22*). 

D' < D whenZ > |H, and (D - D'), increasing (22e). 

[The two sources of Error also affect the Result differently aeearding as different 
formula are used. For discussion of this Error, see Ch. XIX, 11]. 

6. Practical Bearing. — The only practical importance of this quan- 
tity is the aid it gives as being a first Step towards the computation of 
the all important Hydraulic quantity the Total Disghargb of a chan- 
nel, as will be explained in Ohap. XIX. 

It will be obyious that the tediousness of the Field-work required for 
ohtaining the Discharges past many verticals by the Method above used, 
(viz., by numerous velocity-measurements at one-foot intervals on each 
vertical) would preclude its practical use in finding the Total Discharge. 
Practical convenience imperatively requires the discovery of some more 
rapid process for finding the Discharges past each vertical. This is the 
aim of the next three Chapters. 

The field-work process here used gives an undeniable approximatian. 
This value will be used for testing the wfficuncy of the approximation of 
approximate values obtained by far more rapid Field processes. And 
in this view the work so done will have been of great value. 



CHAPTER XIV. 

MEAN VELOCITY PAST A VERTICAL. 

Pr^fiaee^-'Tbii Chapter oontaioa fttll detaUi of th« mettonment of Mean Tdodty part & tartioal 
(Arb 1—7). with InTratlgttion and dlsonflsloii of rapid approzlmatlon to it (Art. 8—10, 19, It), and 
of it! dependenoe on the Bxtemal Conditioiis, ( Art. 1 1— lib). Beaden not InterMtod in tha maifeh^ 
matical darelopmanta abonld omit Art. 6Xt, 9, 9a, 91^ 9d. 

1. Mean Velocity past a vertical.— This has been already defined 

(CSi. IV, 8) as— 

** The Mean of the ' forward yelodtieB ' at all points of a Vertical *\ 

It seems clear that its proper yalue is— » 

** The qnotient of the Saperfidal Discharge (D) past the rertical by the depth, 
t.«.,U = D^H", ., (I). 

The practical importance of this quantity, and of finding some means of 
a rapid approximation to it, will be explained hereafter, (Art. 8.) 

[Some shorter and jet distinctiye name for this important and frequently recorring 
quantity is badly wanted. Various names are used in different Works, e.g,-^ 
Mits, Bipori, pp. 254, 294, Mean Velocity of the (whole) Tertical curre. 
p. 292, Mean of all the yelocities in any vertical plane, 
pp. 293, 294, Mean Velocity in any vertical plane. 
Batin Expt:, p. 236, Vitesse moyenne sur la verticale. 
Lowell Btepts,, p. 146, Mean velocity of the water in the particular path fol* 

lowed by the tube, 
pp. 146, 147, Mean velocity of the current, (or stream.) 
Conneetieut / pp. 81 1, 818, 852, Mean velocity of (or in) the (vertical) section. 
Eepart J p. 818, Mean velocity in each curve. 
of 1878, V p. 321, et teq.^ Mean velocity in vertical plane. 
JaekiOH's Hydraulic Manual^ p. 82, Mean vertical velocity. 
WtUhachU Mechanic*^ Vol. I, p. 609, Mean velocity of (or in) a perpendicular. 
Most of these terms are either inconveniently long, or else open to objection on score 
of indistinctness or even of inaccuracy ; thus— 

1^ Jackson's term has the merit of shortness, but implies that the velocity it- 
self is vortiedL 
2*. Several of the terms involving the phrases « in a vertical plane ", or '' in 
(or of) the section " are indistinct— at any rate when separated book the 
context-— as they might be held to refer to the cross-section plane, and thus 
become confused with the ^ Mean Velocity through the cro es s e cti on \ 
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2^, Bazin'fl tenn is inconTonieiiily long, but seema sufficiently distmctiye, and 
has accordingly been adopted in these Experiments with above translation. 

To relieye the tediom of the periphrasis, the short term Mbak Vblocitt will fre- 
quently be nsed when the context prevents liability of confosion with other Mean 
velocities]. 

g. Arithmetic mean too smalL-^Some Experimenters have been content to take 
the arithmetic mean of the velocity-measnrements at the several points on the same 
vertical as the value of the mean velocity past that vertical ; it is of oonrse an 
approximation, and when the number of points of velocity-measurement on the same 
vertical is very numerous, (which is rarely the case,) it is a good approximatloQ but 
not otherwiae. 

[This course seems to have been adopted in the Mississippi Report (^eee Tables, 

pp. 247 to 251), and — to a large extent — ^in the Connecticut Report (see p. 318)]. 

Its sole merit consists in the ease of application, (compared with the somewhat 
laborious calculation by the proper formula U = D -f- H) ; but when there are only 
a few points of velocity-measurement on the same vertical, it gives but a poor approx- 
imation. It is easy to see that, in consequence of the property before shown (Ch. X, 8) 
of the Average Vertical Velocity-Curve being generally Convex down-stream,— 

^ The Arithmetic Mean of velocities at different points upon the same vertical is 

aUvayt lets than the true Mean Velocity (D -r H) past that vertical ", ...(2). 

and it follows also obviously from Ch. XIII, 2d. 

8. Mean Velocity Variation «ma//.— It is clear that the Mean Velo- 

oity past a yertioal being the mean of all velocities past that yertical, 

its variation from instant to instant mast be some sort of mean of the 

variations of the individnal velocities, so that in fact — 

" The Mean Velocity past a vertical is less variable from instant to instant than 

most of the individual velocities of which it is the mean ", .......•.•.(8). 

[An Examination of the line (^) of <* Ranges" of the velocities throughout the 
Detailed Tables VII— XXVIII will amply confirm this ; observing that the Tables 
ahow two ewperimenUU approximations (U, if) to the mean velocity]. 

4. Mean velocity not con8tant,^-lt is indeed qnite possible that the 
yariations of the individual velocities past a vertical might nearly balance, 
so as to leave the Mean Velocity past the vertical nearly* constant. As 
far as can be judged from the present Experiments this is not the case, 
or in other words — 

« The Mean Velocity past a vertical varies sensibly from instant to instant ",(4). 

[The Detailed Tables VII— XX Vm give two ExperimenUl approximations (U, «) 
to this Mean Velocity. A glance down the columns of U, « therein will show at 
once considerable variations in magnitude even in successive Sets in the same 
Sbbiss, The Average values and the " Ranges " of U, u for each Series are also 



* This opinion waa lumrflod in the IS74-5 Report, (Art 58,) bat tt nnimin more proteble now tliat 
the ovidMiM was lanffloient. It warns aln to havt bean aunmeA in the MleilMlppi Beport, 
<«tf Cb. Z, lla of preeent Work). 
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giTen in the Abstract Tables 3, 4. The " RaDges " can be seen to be pretty large 
fracOom of the whole qnantitj, even as high as,— 

Range of U, *75 in 4*82, or 17*4 per cent. 7 . g g 

Bange of «, •TS in 8*98, or 19-6 per cent i 
This evidence is not so strong in either case, as it appears at first sight, inasmuch 
as much of this variation can, in both cases, be traced to change of £xtemal Condi- 
tions, &C. Perhaps the only reallj fair Test is the comparison of tuocettive Results 
of the same day's work, in which it may be fairlj assnmed that the External Condi- 
tions (except Wind) remained tolerably constant. There are many cases of this sort, 
(yiz., of seTeral Sets of work in one day) thronghont the Detailed Tables, the dis- 
crepancies between which are so great as to fairly establish the above Resnlt]. 

6. Pbesent Mkan Vklocities.— The valnes of the (snperficial) Dischaiges 
past the experimental verticals computed separately for each Set of Snbsnrface- 
velocities past those verticals, and shown in CoL 7 of Tab. VII to XXVIII, enable 
the Mean Velocity past those verticals to be computed for each Set by the for- 
mula U = D -T- H. This has been done separately for each Set shown in these 
Tables, and the Result is shown in the Sub-column (U) throughout And since the 
Discharges have been in every case computed by the best approximation-formuln 
extant, the Mean Velocities in question are the host approximations to the true 
values that oould be obtained from the data : also the Means at the foot of the 
Snb-eolumns are the Avebage Mean Velooities past each vertical nearly freed 
from the Observers' personal equation (Ch. VI, 18). 

6. Mean Telocity Error. — The yalue of Mean Velocity obtained as 
above is of conrse liable to error similar to the Discharge-measnrement 
(D) from which it is derived. Bat as explained in Ch. IV^ 4a, the effect 
of error in estimation of the depth (H) on the vertical is almost wholly 
eliminated, so that the residual error is sensibly only that due to error 
in the primary Yelocity-measnrements on which the Discharge-measnre- 
ment (D) depends. 

This Error is of the same character as, and is also proportional to, the 

similar error in the Discharge-measnrement, since TT = D -f- H, and 

arises therefore (Ch. XIII, 4, ii) from two sources, viz., (1), Unsteady 

Motion; and (2), Instrumental defects. 

6a. Unsteady Jtfotion.—ln consequence of the Unsteady Motion, a single Mean 
Velocity-measurement (ie,, that obtained from a single Set) cannot be considered a 
good average value, but only a Fair Average, (^see Ch. VI, 16.) 

6b. Instrumental Error, — Referring to the similar Error in the Discharge-mea- 
surement previously investigated, (Ch. XIII, 4b) it follows :^- 

** The Mean Velocity-measurement (U') is > the true Mean Velocity (IT) when 
the Maximum Velocity- Line is at or near the surface, and approaches equality with 
it as that Line gradually sinks to a depth of about JH when they become equal ; as 
this Line sinks still further, the Mean Velocity-measurement (U'^falls short of the 
true Mean Velocity, and the Discrepancy increases as the Maximum Velocity -Line 

•inka", (5). 

2b 
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or in BymboU— 

IT' > tJ from Z = to Z ss abont |H, and (U'«-U) decreaaingy.t.. (5a). 

U' sU when Z s about JH, .• (5»). 

U' < U when Z > |H, and (TJ-U') increasing with Z, (5c). 

Now, since Z is seldom > ^H, tee Abstr. Tab. 8> 4» (except on Ycrticals near the 
margin of a rectangular section,) it follows that :— 

<<The Mean Yelocity-measiirement (U') is as a general rule > the true Mean 

Velocity (U) ", m ^ (6). 

The application of these Roles (5) in practice would require a knowledge of the 
value of Z, which cannot be found (Ch. XI) without a good deal of labor. From the 
property (Ciu XI, 7) that the Average Vertical Velocity Curve is at any rate approx* 
imately a common parabola, they may be put into a more conrenient form. 

For, by the property (89) of the conmion parabola shown in Art 9d, 

U < =: > »o when Z < = > i H, (7). 

Hence U' > = < U when U < = > ©o* -- (S»)* 

Or, in other words, (U' — U) is of opposite sign to (U — »o), (8ft). 

Hence also by the principles of infinitesimals, these differences being small, 

U' > =5 < U whenU' < = > r^, (9«). 

and IT — U is of opposite sign to U' ~ 9«, • ••. (9ft)f 

or in words— 

''The Mean Velocity-measurement (IT) exceeds or falls short of the true Mean 
Velocity (U) according as it is less or greater than the Surface-velocity (Vo)">—(9)* 
[The importance of this last Result will be better seen when discussing the ap- 
proximation to Mean Velocity given by use of loaded Rods, (Ch. XV, 8e)J. 

7. Practical Bearing.— -The only practical use proposed to be made of 
the value of the Mean Velocity abor& obtained is to use it as a Test 
of the sufficiency of the approximation of certain modes of rapidly ob- 
taining an approximate value thereof about to be proposed. 

8. Approximation, Importakob of. — It is obvioas that if an approx- 
imate value of the Mean Velocity (U) past the vertical could be obtained 
by any rapid process in the Field, it would serve far better for practical 
purposes for calculation of the Discharge past a vertical by the funda- 
mental formula— 

D = u . h; (10), 

than the process used in last Chapter depending on the tedious Field- 
Tf ork of velocity-measurements at one-foot intervals. 

The Mississippi Experimenters give — as the result of their experi- 
ence-— the following important recommendation, (p. 292 of Report) : — 
" It seems, therefore, that efforts should be directed to simplifying the deter- 
mination of the mean of all the yelocities in any vertical plane ", 

u e,, the Mean Velocity past a vertical. This seems to the Author one 
of the most important Results in the Mississippi Report. Great atten- 
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tion was therefore paid to this point in these Experiments : the whole of 
the Subsurface work was in fact arranged with a view to elucidating this, 
and all that precedes in this Work may he said to lead up to this. 

9. Parabolic FormnlSB. — It seems natural to inquire first whether 
the Mean Velocity past a yertical can not be found from Telocity-mea- 
surements at only two or three points on that vertical. And here con- 
siderable aid may be derived from study of the Yelocity-Parabola. 
Whether the Vertical Velocity- Curve be really a common parabola or 
not matters little : it must be admitted that it does certainly approximate 
{see Ch. XI, 7) to a parabola. This approximation is quite sufficient to 
admit of its use in determining an approximate value of Mean Velocity. 

And first, it is clear that, as three data suffice to determine the velocity- 
parabola completely, velocity-measurements at three distinct points on 
the same yertical will of course suffice to determine the Mean Velocity. 

[The three points most of course be suitably sitoate to give a tolerably aocnrate 
determination]. 

The first Step is to find an expression for the Mean Velocity. Adopt- 
ing the well known property- 
Area of parabola between tangent and diameter=i x circumscribing rectangle, (11), 
it follows easily that, (referring to PI. XX, 3)-— 

Discharge throngh depth 7 D = Rectangle h'd - snm of parabolic areas (Bh'\ + A d'D), 
H, or Area B ADi5, J = Rectangle b'd - 1 rectangle B A - i rectangle AD, 

= VH-l(V-t^o).Z-i(V-»H^(H-Z) (12> 

Writing the equation of ihe cnrve in the form (Ch. XI, 2, (2)) — 

V - » = w (« - Z)\ where m = i ....(18), 

and writing z = 0, s = H in succession therein (so that v becomes v^ and 9h) 

V - »^ = mZ«, and V-re = « (H - Z)», (14). 

Snbatitating these into the expression (12) for Discharge 

D = VH - J {«Z»+m (H - Z)*} 

= VH - i aiH* + «H»Z - mHZ», (16). 

/. Mean Velocity U = g= (V - mZ?) + mBZ - i »H«, 

= »o + mBZ - I mW, (16), 

by substituting from (14). This is the working expression for IT, with which other 
values obtained in terms of observed velocities are to be compared. 
9a. Three- Vdocity jpormii/tf .•'Now let three velocity-measurements t^, v^^, Vy^ 

be taken at any depths XH, fiH, vH, (where X fi, v are proper fractions,) and let it be 
proposed to find an expression for the Mean Velocity in terms of these ; let this be — 

U = a . »j^3+ P •r^H+ y • r,^ , (17), 

where «, j9, y are numerical co-efficients to be determined. 
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Snbtracting (18) from (14), there results the following general expression for v : — 

r = ro + 2mZz - mt\ (18). 

Writing » = XH, fiH, vR in soccession, this gives — 

»;^g = »o+2»iZ.XH-jiiX*H*, »^H =»^+2wZ./iH-m/i«H«, 

and »y^=ro+ 2biZ.vH-«v'H«, ^ (19). 

Multiplying by a, p, y in succession, and adding, it follows from (17) that— 

U = (a+/8+7).»^+2mHZ(aX+jS/i+yv)-wH«(«X«+/3/i«+y>^, (20). 

This expression becomes identical with (16) by making— - 

a + i8+y = l, aX+/8/i + yv=4, oX« + i9/i*+7i/»=l.., (21). 

These being simple equations ma,p,y suffice to determine a, /3, y in terms of 
X, fi, V always, i. tf., whatever X, /i, v be). The general solution is not of much prac- 
tical use : the most useful particular solutions appear to be when the three Telocity* 
measurements are made at mid-depth (/iH = ^H) and at two points equidistant from 
mid-depth (in which case XH+ yH =H), so that— 

^ = i, X+ V = 1, (22), 

whicli reduce (21) to— 

o + /8+yr=l, aX+J/3+yv=*, aX»+i/3 + yv»= }, (23). 

Multiplying the last two by 2 and 4 respectively, and subtracting in turn from the 

first,— 

a (1 - 2X) + y (1 - 2v) == 0, a (1 - 4X») + y (1 - 4v«) = - J, (24). 

Substituting X+ v for 1 into the former,- 

(a- y) (v- X) = ; whence a =y (as v, X are supposed unequal), (25). 

And from the latter, 2a. {l-2 (X»+ v«)}, or 2a {(X+v)«-2 (X»+v*)j=-l 

whence, a = y= gyfr^, > <>' = 6(2X-.1)« '— ^^^^• 

P = l-2a = l-3^5^., or^l-j^^jL^ (26*). 

Besults. Hence the following simple cases (assigning simple valnesO,),},! to X), 
U = i (»o+*»4h+^h)' ^' = * (^*^iH + 2»iH+ ^|h)» (27a). 

= * (2»iH-^iH+2r,,)» ^'^ = * (^V -^''ih+S^ih) (27*). 

[The first will be recognized as Simson*s well known formula : it is of no fue for 
practioal termination of U, as it involves the bed-velocity which does not admit of 
direct measurement The other three give simple values, easily applicable to prac- 
tical velocity-measurement]. 

9b. Two'Veloeity FormtMt?.- There being only three equations (21) connecting 
the uz quantities a, p, y, X, ft, v, it seems worth while to inquire whether an expres- 
sion coidd be found for the Mean Velocity involving velocity-measurements at only 
two (instead of three) distinct points, as this would materially reduce the Field-work 
necessary to find the Mean Velocity. 

It is sought then to determine a, /3, X, /i so as to determine U by the simpler 
formula— 

U = a»^H+/5»^H» (2fi)- 

Either by a similar investigation to the preceding, or by simply writing y as in 
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the prerions Result (21), the equations coimectiiig a, P, y are seen to be 

a + /8=l, aX4./8/i = |, aX« + /5/i«=i,.., (29), 

from which it is clear that X, /i are no longer independent ; for solving for a, /3 in the 
two first, 

«= J^v ^=K"v ^''>- 

Sabstitnting into the third, |X*-|iX*+fi^- i/i* = i (X-/i), 
and diyiding bj (X-/i), (which is always possible, since X, it most be nneqoal) — 

X/*-* (^+/*)+i = (81), 

which is the equation connecting X, ft, from which in fact 

80 that either is determined in terms of the other. 

Thus the Mean Velocity (U) may be fonnd from yelocity-measnrements at only 
two distinct depths XH, fiH — whereof one is arbitrary, and the other is determined 
by (32)— by the simple formula (28), wherein a, p are given by (30). 

BssuLTS. Hence the following simple cases, (foand by making X = 0, }, }, |) 

U = i(»o+3»|H), or= f (3ojH + *'''fH) (33a). 

^=l(*»iH+8»jH)»<"^ = *(3»|B+«'H)> (»»>)• 

These are the simplest* formnI» by which the Mean Velocity past a vertical can 
he determined from velocity-measarements at onljf two distinct points. ,The last is 
of no practical nse, as it involves v^ a quantity which cannot be practically measured. 

The first of the formnlfe (33a) above* is hy/ar the lest for general frtirpoita^ because 
it involves only one tuh9urf<ice velocity (V|„) » and that at the highest potsible level 

(}E[), and therefore admitting of more accuracy in its determination than those at 
lower levels involved in the other formula. 

[It is not difficult to show that the two velocity-measurements must always lie one 
in the upper third, and one in the lower third of the depth, i,e,, X lies between 0, i, 
and n between f and 1]. 

9o. P&BSEKT WoBK, AppUeatiork'-lt is proposed for distinctness' sake to denote 
the value of Mean Velocity derived from the above simple formula (first of d3a) by 
thDi i.e., to write — 

«« = i (»o+3»|b), - (83tf, hie). 

The value of this quantity has been calculated for all the 46 Average Vertical 
Curves of the present Experiments, and is shown in the Sub^olumn headed Um in 
Abstr. Tab. 3» 4 for comparison with the fundamental value U s D -f- H. To 
facilitate this, the Discrepancy (un ^ U) is also shown in Col. Q. These Discre- 
pancies will be seen to be always small (nowhere exceeding •07) as might be ex- 
pected, and usually negative, showing that Un < U usually. 

[The closeness of the values of Kg,, U is involved of course in the general approxi- 
mation of the Observation-Curves to ParaboUe]. 

9d« Depth of Mean Velocity -Line-— By the term " Line of Mean Velocity" 
is here meant the Skream^Iiine in which the Average Forward Velocity is equal to 

• KowpabUihid for the tint time it iibeltoved. 
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the Ayerage Mean Velocity past the Tertical. To find the depth (^o) ^ ^^^ ^^'^ 
the equation of the Curre (18) gives, (writing s= Aq* ^^ »=U)— 

U=»o+»*»ZAo-«V. - (^> 

= Vo4-«r»ZH- i mHS hj Result (16), (dU). 

Hence V-2ZAo = JH«-ZH, 

whence *o = Z ± ViH»-ZH+Z», (86). 

"^'^ H= H Vs- H ^( h) ' t35a). 

The qnadratie in h^ has of conrse two roots : hnt it is easily seen by writing (85) 

in form — 

A„=Z± a/H (iH-Z) +Z* (86J), 

that one root is always negative when Z < |H, and is therefore of no* interest : when 
Z > |H, both roots are + , which shows that there are in this case two lanes of 
Mean Velocity equidistant from the axis, (as is evident from the symmetry of the 
parabola.) It may be shown also that the larger root is always greater than JH, 
for writing the larger root of (35) in form— 

A^ = Z + V(lEr^ZyT";iVHS -.. (B5o), 

80 that A^ = Z + a quantity > HH - Z), whence h^ > |H, (85<0, 

which shows that— 

" The Mean Velocity line is always below the mid-depth", (88). 

[For illustration of this, »ee PL XII— XVIIL The vertical line drawn through 
tiie tip of the Mean Velocity Ordinate (U) will be seen to cut the Obaervation-Curfea 
in almost all cases below the mid-depth]. 

It will be seen that the depth of the Mean Velocity-Line (defined by h^) depends 
on the position of the maximum velocity line (defined by Z), and varies therefore 
with the variation of the latter ; also from Eq. (35a) it follows that : — 

'' The relative depth of the Mean Velocity Line (A^ -7- H) depends solely on the 

relative depth of the maximum velocity Une (Z -^ H) ", .(37a> 

The Bange of the maximum velocity line appears to be from a littie above the 
surface down to about mid-depth, (see PI. XII— XVIII.) Thevalues of Ao correspond- 
ing to various values of Z within this range are shown below. 

Value of Z .4- H, -J, -*, 0, h h h h h 

Value of Ao-r H, -654, •660, -677, '69B, -607, -632, & -667, -211 & -789. 

From the above, it follows that — 
'* The Mean Velocity past a vertical cannot he direethf measwed in practice by 

any single velocity-measurement ", .....••••^ (876), 

because the measurement would have to be effected in the Mean Velocity Line, a 
Line whose position is not known d priori. 

Again, taking the larger root of (35) (which is the one of most interest), vis., 

Ao = Z+ V(iH-Z)H+Z«, .....^ (85, 6aX 

it is dear that the surd is > = < Z when | H > = < Z, 

/, Ao > = < 2Z when Z < =; > J H, ^.....^ (88> 

* astUf woii]deon«q)oiidtoaUiiBa(0MA«Mr:^tocf. 
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Now from the symmttry of the cnnre it is clear that the Telocity (v^z) at depth 
c =s 2Z 18 the same as the Surface Telocity, i.^., 0^ = r^* 

Hence— 
The Mean Velocity (U) >c=< the Sorface Velocity (Oo) when Z > = < iH,(89). 

96. Singh Velaeity ApprotAmatvom. — ^Writing down the general Talnes of U, 
from'Eq. (16), (18), 

i7 = ro + 2mZ«-m«', U=»o+»«ZH- Ji»H«, ^(40), 

it is manifest that there is no Talae of z (taken as a tnnction of the depth (H) only) 
which will make the general Talae of v either eqnal to IT, or even proportional to TJ, 
in consequence of the presence of the Tariable and nnknown Z. The flatness of the 
Velocity-ParabolfB is, howerer, in all cases so great (Ch. X, 8) that an approximatioji 
is potiihls. The closeness of this approximation depends on a prior rongh know- 
ledge of the Range of Z~H. Now a glance down the column (Tab. 3, 4) showing 
the Talnes of Z -=- H in the 45 Carres of the present Experiments will show that the 
Range of this qnantity is — except for verticals quite close to the vertical walls of the 
rectangular channel (i.0., for iJl verticals more than 5' off the walls)— only from 
aboat to (, and for this range of Z -£- H, the value of A^ "^ 1^ ^<^ l^>®cn shown 
(Art 9d) to range from 'STT to 'SG? ; with a mean Talne of about •625 = |. 

Now the Telocity corresponding to the valne c = | H is from (40), — 

r|H=»,+« (|ZH-|-H') («), 



and the difference between this and the Mean Velocity h 

r|H - U = J «(ZH - jgH*), which ranges 

11 K 
from - j^ aiH*, (when Z = 0) to + j^ »H«, (when Z = JH),. (41a). 

Case ii. Near the margin of the rectangnlar channel on the other hand the quan- 
tity Z -f- H lies between j and ), (tee Abstr. Tab. 3, 4,) and the Table of values of 
Ao-f-H (Art 9d) shows that there are two values of A^ -7- H corresponding, vis., 
one between and •211, and one between '667 and *789, with mean valaes of aboat 
•105 and •728. The former is the better for practical velodty-measorements on ac« 
ooant of the greater accuracy of work near the surface. 

Now the velocity ocnresponding to the value « as ^ H is 

V"' * * (^ ^ ■ 150 =•) <"). 

and the difference between this and the Mean Velocity is — 

r -U = Jm{-4ZH+|^H«}, whichranges 

17 28 
from — mBP, (when Z = * H) to - -^«H«, (when Z = i H), (42«). 

Now, in consequence of the flatness of all the Corves the quantity m (= recipro- 
cal of parameter) is always a very small quantity ; so that — 

11 5 17 28 

"the several Discrepancies - -^ mW, — faH», -^ wH*, - -^ «H*, just 

• shown are aiwayt very 9maU fuantUia *\ ••••m ...•••.••.•••••••••••••••..(4% 
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and: 

** The two Velocities 0|Q (Le., at ^ depth) in general, and v i g (i,e,, at ^^^ depth) 

near margin of a rectangular channel are probably the best approximations obtain- 
able from yelocitj-measorement at a single point", ^ (44). 

9f« Mid^depthrvolocity^ (r^^— Writing a = 4H in the general expression (18) 
for V, the Mid-depth Velocity is seen to be,— 

»IH = «'o+ wZH - imH», whilst U = r, + i»ZH - JiikH*, (by (16)), (46), 

so that the difference r^^ - U = -fq mH', (always a -f quantity),. (46> 

Thns in the Velocity-Parabola — 
*^ The Mid-depth- Velocity is always > the Mean Velocity by a small quantity 

viz., -fq mH', not depending on the position of the axis", ^ (46a). 

It will be seen also that the Discrepancy ^^ mH' is always > the greatest pouihle 
discrepancies with the two approximations last proposed. 

[The property jost proved, viz., that the *< Mid-depth ordinate exceeds the Mean 
ordinate by a small quantity" is a property in no way peculiar to the parabola. 
All Experiment agrees in showing that as a rule, {tee Ch. X, 8) — 

*' The Average Vertical Velocity-Curres are V*, everywhere convex down-stream; 

and 2®, are always very flat Curves ". 

These two properties involve the property in question : for in any convex cnrve 
whatever (tee PL XX, 5), the tangent at the point M where the middle ordinate fM 
^eets the curve lies wholly without the cnrve, so that the curve falls wholly within 
the circumscribing trapezoid ; also, 

Middle ordinate mM = Area of circnmscribed trapezoid bh'Kd'D -4- depth hdp 

Mean ordinate = Area of curve hBMDd -f- depth bd, (by definition), 

so that the Middle ordinate always > the Mean ordinate ; also, when the cnrve is 

very flat, it is clear that the excess of the former over the latter must be a small 

quantity]. 

This is fully borne out by the present Experiments : the value of the quantity 
(v -U) is shown for every Sebies in Abstr. Tab. 8; 4, Col. S, and it will be seen 

from them that— 

** The difference ("i^- U) is always a small quantity, and usually + ,bo that 0_ 

usually exceeds U", - (47). 

[(o.^-U) is + in 40 out of the 46 Series, and zero in 2 more. The only cases in 
which v.Q < U are shown in following Table]. 



Bemarks. 



r Several very low velocities about the mid-depth (i.A, at 4' and 6' 
1 depth), tee Tab. XI. 

An unimportant difference. 

These two Curves on the exceptional vertical, close to the 4' 
drop-wall, (tee Cross-section, PI. XVIII.) are of exceptional 
shape, (not wholly convex,) so that the property (47) of a 
convex curve could not be expected. 
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10. Ratio U ^ v. . — This ntio has acquired quite exceptional impor- 
tance of late years from the assertion in the Mississippi Report (p. 294) 
of its approximate constancy under all circumatancea at the same Site, 
and the proposal therein (p. 295) to utilize this supposed property in 
Discharge-measurement. 
From the Result 2^g= U + iV mH*, £q. (46), it is dear that the ratio IJ-^v^g is— in 

the Velodty-Parabola at any rate— not a eotutant quantity (anless mil* be prq>or- 
tiooal to U)y nor a fnnction of U only (unless indeed mH* be a fnnction of U). The 
value of the ratio is in fact— 

U U 1 



V U+^wEP 1 + tV.^ 

Now from the admitted smallness of the qaantity tV mH*, (the same as r.,,- U) 

it is clear that this ratio will be tolerahbf comtant (< 1, of oonne) at any rate m a 
TOHgh approximation. 

10a. MiuiiHppi Report Result— ThQ Conclasion adyanced is that this ratio 
depends chiefly on the mean velocity (V) of the channel, at any rate in a deep 
diannel. 

But the argnment is based (Miss. Report, p. 298) upon the oiMumMd valoe for 

the parameter — orj?=H'-r V3Vl (Ch. XI, lla), and upon a farther atsumed 

relation that U = '93 V approximately, (i.«., with snfficient approximation for the 
purpose of proving the dependence of the ratio U -> e. ^ on V)* Applying these two 

Besnlts, the ratio v.^ -7- U indeed becomes-* 

1>69 



r,„ ^ U = 1 + r^^l^J J^,y,\imfi=i.^^^==, , (Ch. XI, lla),....(49). 



which depends in deep channels at any rate (in which j3 varies very little) chiefly on 
V : and this Resnlt is proposed (p. 298) as— 

"the absolote nnmerical value of the ratio for any carve of actaal observations ". 

Bnt the Argwment is incondnsive on account of the uncertainty (and probable in- 
correctness as general truths) of the two assumptions ^ = H' -7- V3V* and 17 == 
•93 V approximately. The assumption U = -SS V approximately is obviously not 
true at all partt of a channel, for it is equivalent to aeeuming that — 

** The mean velocity past a vertical (U) is approximately the same right across 

a channel ", 
which IB true enough throughout great part of the width, but very far from true near 
the hanke, as will abundantly appear in Chap. XVII. Thus Result (49) is not a 
general truth, bnt is at the utmost Umied in appUeation to thoee parte of a cross- 
section, the mean velocity past the verticals of which is nearly the same. 

In fast the real evidence of the proposed law for this ratio must be held to depend, 
not on the argument which led to it, but, on the numerical comparisons exhibited 
(Miss. Report, p. 294) showing— 

2 K 
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l^ the ralnes of the ratio U —v.^ (compated direct from the Ydocify-datar)* 

2**, the Takes of its proposed eqairaleat, viz., of 1 -r (l + TrTaj "^ /• 

8^, the Dbcrepandes between the above Ya]aes. 
These are shown (Miss. Report^ p. 294) for 16 Cases, viz., 8 Mississippi Carves, 9 
of Capt Boileaa's Cnrves from small canals, and 5 Carves on the Rhine. The Dis- 
CBBPAKCIES shown are certainly sarprisingly small in the 8 Mississippi Carves, id 

which they do not exceed yis P^^ ce^^* ; whilst in 4 of the European Carves they rie« 
to 2 to 3 per cent 

Upon this evidence the important Cbnclosion is drawn (i&.) that— 
"The ratio of the mid-depth velocity to the mean velocity in any vertical phmo 

is practically independent of the depth and the width of the stream, of the mean 

velocity of the river, of the mean velocity of the vertical carve, and of the loca» 

of its maximum velocity. In other word», it is a sensibly constant quantity for 

practical purposes ". 

And upon this Conclusion it is proposed (t&. pp. 295, 296) that the Field-work for 
computing the Total Discharge of a large channel should in f atore be limited to 
mid-depth velocity-measurements. 

The practical valae of this Condusion depends chiefly on the amount of Error 
Hkely to be made in its application. Now the value of the ratio (49) proposed 
involves nnfortunatdy the unknown quantity V C= mean velocity of channel). H 
an approximate valne of this were known d priori, it would give the value of the 
ratio in question with sufficient approximation. 

It was apparently supposed (Miss. Report, p. 294) that the ratio in question varied 
within such small limits under all eircunutancee whatever (even in diflterent chan- 
nels) that it might (for all practical purposes of Discharge-Measurement of large 
channels) be assumed sensibly constant The additional evidence now available by 
no means confirms this hypothesis : the ranges of average values of the ratio in 
question— !.«., of the average experimental vi^oea of TJ -r ©jg— are given below from 
all the known pablished cases. 



BXPXBIHIBNTS. 



Reference to Origkial. 



Number 
Curves* 



Range of 

Avenge Valnes 

of tbe ratio 



U-rr 



»H. 



• • 






Mississippi, 

Rhine, 

Small Canals, Capt Boileao, 

Bazin, 

Lake Survey, 
Irrawaddi, •• 
Connecticut, 
Roorkee, • • 



« • 



• • 



Miss. Report, p. 294, 



99 



Bazin £xpts., 
Reports of 1868^70, 
Report of 1875, Appx. C. 
Report of 1878, p. 850, 
Roorkee Expts., Tab. 8 4^ 



8 
5 
2 
? 
? 

14? 

27? 

46 



•9868 to «962# 
•9569 to •9822* 
•9640 to -9417 
not given 
not given 
1*082 to -976 
•961 to -918 
1-045 to -961 



Thus it appears that — 
*< The ratio U -r- V|h is liable to range fremi about 1*082 to *918, £.«., about 16 

percent", • •• • •••..••.••• .•••..(50), 

an amount not fmrij negligible even in the loogh procMs of Diacharge-Meaaor*- 
ment of Urge chuiiielB. 

• printed •0822 in MlaitMlm>i Iteport. 
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11. Bztemal Conditions, Dependence on.— The dependence of 
file Mean Velocity past a vertical on the External Conditions is a ques- 
tion of the highest interest both theoretical and practical (as a Step 
towards finding the Total Discharge without the labor of velocity-mea- 
sarement). 

11 a» Preliminary Trial. — ^In PI. XXI, XXII the two approximate Mean Velocity- 
meaanraments (U, u) have been plotted as ordinates to the Average Depths (H) for 
all the 28 Vertical Cnryea on Central Verticals (Ser. 1 — 28) together with the 
Snrface-Falls (Fi, Fj, F,), parabolic elements {p, Z, Z, V)* and Average Winds 
corresponding. It will be at once seen that — 

** The Mean Velocity past a central vertical increases and decreases on the whole 

(in absence of other influences) with increase and decrease of depth ", (51), 

bnt the departures from this mie are so nnmerons and so great as to make it clear 
that it also depends on some other elements to a degree si^cient to quite mask and 
even reverse the effect of change of depth. And on comparing the carves of Sor- 
face-Fall (F|, F^, F,), with the carves of U, u, it will be seen that— omitting Ser. 
18 — 20 in the exceptional state of the Left Aqaodnct being closed — the saliences 
and depressions of the curves of F^, U, u concur with very few exceptions on the 
same ordinates ; also that there is a partial concurrence of saliences and depressions 
of the carves of F^, F, with those of U, li. 

This shows that— 
** The Mean Velocity past a central vertical increases and decreases on the whole 

I. tf., eaterU paribus with increase and decrease of the Surface-Fall, and chiefly 

with the Surface-Fall in the Upper Sub-Reach ", (52)« 

lib. Further Trials.—lt appears then that this Mean Velocity depends partlj 
on both the Depth and Surface-Gradient, and is therefore a function of both of them. 
It seemed therefore worth while comparing the products HF|, HF3, HF,. HF, their 
square roots,* &c, with the values of U. The Abstr. Tab. 8 and FL XUII have 
been prepared to exhibit the Results. 

The Table is arranged by order of decreasing Mean Velocity (U) at each Site as 
the Argument : this has the advantage that those of the Trial Quantities (HF, &e.), 
which are in any way Hmply related to the Argument (U), should at any rate be 
ranged in the same order. Thus the product HF^ is seen to be so irregular, tee 
Ser. 21—28, that the research is not worth pursuing with respect to F^. Similarly 
the trial quantities HF, VHF may be seen to be so irregular that the research may 
be dropped with respect to F. 

[Similarly the product HF, was found to be so irregular that the research with 
respect to F^ was at once dropped, and the Results were not thought worth publish- 

The tolerdble regularity of decrease {see Tab. 8) in the trial quantities HF| 
'^HF^ seemed to make it worth while pursuing the research with respect to F| alone : 

* The exproMioDs of type ^/HF were of course saggested by the analogy of the well known eoc- 
responding formula for Mean Sectional Velocity V = C x 100 %/R8; the Surface-Falls (F|, F;* F,} 
being the nearest measure of the Surface>81ope (S) available with every velodty-ezperimeni. 
4Gh.VlI,8o). 
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on comparing the Resalts HFi, ^HF, with the Tallies of U, it is evident that changes 
in F| are more impartani than thou o/* H, so that the quantity H should be inYolvvd 
in a lower degree than F^. The following quantities ?rere accordingly computed :— 

\/Hf7, FiVST F,«v5r F.iysr a/fj vht 

as Trial Quantities, and are shown in the Table. 

PL XLHI. To render the relation (if any) between the Trial Quantities and the 
Mean Velocity (U) more clear, these fire quantities haye been plotted as ordinates to 
the Mean Velocity (U) taken as abseissss. This has the advantage that any simple 
relation would at once be exhibited by the form of the Curve of the Trial Quantity 
(simple proportion being indicated by a straight line through the origin, any simple 
linear relation by a straight line, any other simple relation by a fairly flowing Curve, 
&C., the non-existence of a simple relation by an irregular curve). On examining all 
the curves, it is at once seen that those curves in which F^ is involved in a higher 
degree than H are the meet regular ; and that on the whole the curve of Fi ^H is 
the most regular, and approximates to a straight line. The irregularities in fdl the 
Curves are, however, so great as to make it unoertain whether there is any real 
connexion, or whether the apparent connexion is not solely due to paucity of data. 
Thus, by omission of a few of the data here and there, any of the curves tried would 
be apparentiy a fairly flowing Crurve, and therefore apparentiy related in some simple 
manner to the primary velocity (U). 

On the whole it seems clear that— without some better indication of the true rela- 
tion from a rational Theory— the inquiry is too uncertain to be worth pursuing. 

12. Hdtios U -T- To, U -7- r|Q.— The Surface-velocity and value of the ratio 
c = U -7- Vq <"^ <^^ shown in Tab. 8 (brought forward from Tab. J^ 4)» and have 
been plotted as ordinates in PL XLHI, for each of the same 28 Series. The approxi- 
mation of the Curve of Vq to a straight line is evidentiy much closer than that of any 
of the Trial Curves treated of in the last Article. This shows that U is much more 
nearly in simple proportion to v^ than to any of the preceding trial quantities, and 
leads to the belief that in the present state of science— 

** A much closer approximation to the central mean velocity may be obtained 

from direct velocity-measurement of even one primary velocity (say tiie surface- or 

mid-depth-velodty) than from any known formula in terms of Surface-Fall ",...(53). 

l^he ratios U -^ Oq* ^^ U -7- v^q are indeed far from constant (^$ee Tab. }, 4): 
the following Table gives an Abstract of the Ranges of the Depth (H), Mean Velo- 
city (U), and Ratios (U -f- Oo> ^ -7- Vah) ^ o^u^ Site» saparately for central and 
non-central verticals. 



SolAiiiSite. 



U. 



U-!-«b* 



U-T-« 



IH. 



Tertfeid. 



Left Aqueduct, • 
Bight Aqueduct, • 
„ M[L.Aiii.oIo«d] 

Embankt Main Site, 

Bight Aqueduct, • 
Embankt Biain Site, 




9-4e-5-92 

9.94-5-55 

4*66-8-99 

10-89-6-16 



9*55-6-96 
878-2-68 



4*61-3*65 
6'4o-5-47 
4'a7-a*63 



4« 10-9 •63 
3^29-3.40 



•957-^9 

1'018--961 

•995-«967 

'997-*926 



1*128-'961 
•968--894 



•995-^6 
l'016--978 
1*000^-995 
1-002--977 



•988--961 
1045--984 



I 



OentnL 



IVutoos 
tnL 
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The canae of Tariability of these ntioe on any one vertical ia by no means clear 
from the data ayailable : the state of the wind no donbt affects the Sorface more than 
the Mean Velodtj, and thus affects the ratio U -r- Oq, bat on careful examination of 
all known canaes of Tariation, the effects seemed so obscore that the inyestigation 
did not seem worth publishing. 

The Range of the ratios gives an idea of the amoont of error likely to be made in 
computing the Mean Velocity past a vertical (U) from a good Snr&ce or Mid-depth 
Velocity-Measurement by application of an auumed constant ratio. The best value 
of the ratio to be used for each vertical could of course only be found by direct ck- 
periment on each vertical 

13. Approximation recommended.'^The formalad (27ay b), (3Sa, () of 
Art. 9a, b give highly approximate ralaes of the Mean Velocity past 
a vertical in cases where the Velocity-Garre is nearly parabolic. Of 
these the Method recommended in Art. 9b of combined yelocity-mea- 
sarements at the surface and at }-depth is by far the most convenient 
for practical work. The Unsteady Motion of the water, howeyer, makes 
any sach combined Telocity-measurements inconyenient and uncertain, 
(as explained under << Objections to Twin Floats ", Ch. IX, 2b) ; so that 
on the whole it is probably better to attempt only euch approximation as 
can be obtained by velocity-measuremente tvith a single Instrument (or at 
a single depth). 

And of these the use of the Yelocity-Bod fas explained in Ch. XV) 

is by far the most convenient when the depth of water is not > about 15^ 

In greater depths of water the approximations inyestigated in Art. 9e 

are recommended, yiz., yelocity-measurements at |-depth in general, 

and at -^-depth near to vertical banks. 

[It should be understood that the depth in question is the proportionate depth on 
•eeh vwHealy so that the real depth at which the velodtf-measurement should be 
efifocted may be different^ for each verHcaC], 

14. Renttts true on the average.-^The Results of this Chapter which depend on 
the approximately parabolic figure of the Velocity-Curve, viz., Art. 9, etteq^ cannot 
of course be expected to obtain in sinj^e trials in consequence of the Unsteady 
Motion, but they may be accepted with confidence as highly approximate on the 
average of a great number of trials. 



* In tha lUiBlMlppI Beport raoh velooMgr>m«Mcii«meBts are rMOBBMniM feo be madB (in largo 
rivMB wbKB the dapth ia totanUj uilf orBt^ aea p. m d Baport) a< a c am i aw r dyflb, via., at I the 
byd. BMan depth right acnai: thiaiaama hacdlj jnatiflable. 



CHAPTER XV. 
RODS. 



fVfAK«.— This Ohaptar oontaliifl a deeeriptlon (Art. 1<— 7f) of, and ezperimantal diaooaloB (Art. 
8—16) of, the nie of RODS for meMiuenMDt of ICesn Velocity peat a Vertical. The moit intmitliig 
ArtlolM are Art. 1-^, 8, 8b (after Besolt (8)), 80, 8e (after Beealt (16b') ). 9, 10—15. 

1. Iban Velocity Bods.— The ase of a slender Bod or << Float-Pole " 
loaded so as to float nearly upright has often been used for rapidly ob- 
taining an approximation to the Mean Velocity past its Length, Le., to 
the Mean Velocity past a vertical. Bnch an Instmment will for short- 
ness be called a Bod. 

The ntility of this Instrament depends entirely on whether its actual 
« velocity " is a sufficient approximation to the Mean Velocity through- 
out its Length. It is so simple, so cheap, and so convenient in use (in 
currents not more than 15' deep) that, if the approximation is sufficient, 
it should supersede all other Instruments when the Mean Velocity past a 
vertical is the primary quantity sought. . 

Much attention was therefore paid to this point, both by investigating 
the theory* of the motion, and by direct Experiment. 

2. Histoiy of use of Bods. — The use of loaded Bods for measur- 
ing Mean Velocity past a vertical appears to have been introduced by 
Krayenhoff about 1812. They were used in the following important 
Experiments : — 



Bxperlmentar. 




BlTor or Place. 



Kettreooe* 



Krayenhoff, 
deBaffon, • . 
Ddstmn, •• 
Francis, J. B., 

VarioQS, • 



1812 
1821 
1835 
1852 

1847—73 



Bivers in Holland, 

Tiber, 

Neva, 
Lowell Canals 
Massacfansetts, 

Rhino, 



Mississippi Report, pp. 189, 807. 
Mississippi Report, pp. 195, 809. 
Mississippi Report, pp. 192, 807. 
Lowell iacpts., Art 176—187. 

Verslsg aan den Koning, pub. at the 
Hagae in 1876, p. 191. 



• The Aathoc hai not been able to find any pabUibed theoretical InTSitigaUon on this point. 
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8. Bod-motion, Gbvbral Thbort.— The Instrament consists es- 
sentially of a slender cylindrio Rod^ loaded so as to float upright in 
still water, of uniform section, and uniform physical state of surface 
throughout its length. 

Wlien dropped into a uniform current, it moves at first irregularly, 
but after a time it acquires a state of relative equilibrium with the fluid, 
and after that moves with a tolerably uniform velocity, (which would 
in fact be quite uniform were the motion of the water itself " steady ".) 
This " terminal velocity " is the velocity to be observed, and is the only 
one requiring discussion : it will for shortness be styled the Bod-vblo« 
oiTT, and will be denoted by u. 

When in this state of relative equilibrium, some of the fluid strata 
into which the Rod penetrates will be moving faster than the Rod, and 
some slower : the former tend to accelerate the Rod both by direct 
pressure and by lateral friction ; and similarly the latter tend to retard 
the Rod. And in this state it is clear that the Total Forces of Accel- 
eration (say F) and Retardation (say R) must be equal and opposiUf 
so that they form a statical Couple whose effect will be to rotate the 
Rod into an inclined position until the arm of the contrary Couple- 
consisting of the weight of the Rod (say W) and the equal opposite 
Resultant upward Fluid Pressure (say P) — is sufiGcient to produce a con- 
trary " moment of stability " just equal to the " moment of instability ^. 
This is expressed by the equations— 

F-l-B = 0, W+P = d, F. 9 = P. pan 9, (1), 

where q = distances between ** centres" ol F, B, 

p ^ distances between centres of gravity and of buoyancy, 
= inclination of Rod to yertical. 
These are the complete set of '' conditions of relative equilibrium " 
expressed in a general form. The first is the one which determines 
the Rod-velocity, and will form therefore the basis of future discussion 
(Ch. XYI) : the second is of no interest, and the third serves only to 
calculate the inclination (6) of the Rod, which is not of much interest. 

Sa. Rod'Vdocity approximatea to If^n.— It is clear (from the above) 
that the Rod will finally move with a velocity which is tome sort of mean 
of the velocities of the fluid strata into which it dips. The important 
question is whether this Rod-velocity (u) is approximately the same as 
the proper mean of those velocities. This will be discussed both experi- 
mentally (in this Chapter) and theoretically (in next Chapter). But 
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it may be obsenred at once that in actaal streams the Discrepancy can- 
not be very great, because the difference between the greatest and least 
Average Velodties past the same vertical (nnder same conditions of 
conrse) is itself small, (see Ch. X, 8 :) so that it is obvions i priori 
that the Rod-velocity is at any rate a rough appnmmation to the Mean 
Velocity past a vertical. 

4. Essentials of a Rod. — The following are the Special Conditions to 
be falfiUed in a good Mean Velocity Bon, in addition to the General Con- 
ditions (Ch. IV, 6) common to every Float, a few of which are here 
repeated in the spedal forms they take with this Instrument ;— 

1^ '< The Rod should be a slender cylinder of nniform thickness thiongfaont, 
as thin as ia compatible with tbe reqoleite atiffnefls ". 

2°. ^ Its oonyex surface should be of same physical state throngboni, the smooth- 
er the better". 

8^. " Its centre of gravity should be as low as possible in the water ". 

4®. <*The part exposed to wind should be the least possible consistent with 
senring its function aa a marker '\ 

^. ** and yet should be as buoyant as possible, to secure qwck rising to the 
surface after accidental submeigenoe ''. 

6^. ** The loading at foot should be so arranged as to remain at the foot eren if 
the Rod be inyerted '*. 

Of the above Conditions the first fonr are essential to the accuracy 

of the Instrument, and the two last are practical conditions essential to 

its convenient use. Thus of the first four— 

1^ & 2^. Thinness is essential to prevent undue disturbanee of the natural 
motion of the water : the thinner and smoother the Rod the less it disturbs 
the water. Again, uniformity of thickness and of state of surface are re- 
quired that the action of the current may be similar throughout the length. 

8^. The depression of the centre of graTity is necessary to enable the Bod to 
float always nearly upright in spite of the varying pressure at different 
parts of its length. A nearly Tertical* position is essential to accDracy, in 
order that the Bod may be always immersed — when in a state of relatiTe 
equilibrium with the fluid-*to a nearly constant depth. 

5. Length of Rod<^— The term Lbngth of Rod will be generally used 
for shortness to denote the immersed lengthy and will be denoted by the 
symbol / : the total length from head to foot will be distinguished as the 
Full Lbitgth. 

The two Conditions Nos. 8^ and 4** both involve that— 

**The Full Length of a Bod should only slightly exceed its immersed 
Length" « (2a> 

* Strlot tertlMll^ is obrlooily Impoaible unletB the two paralld B«in1tant FonM of Aooel«»> 
tlon and Bitoidatton (Art. S) are dbrtdlf cppote^ to on« anotbar, (an enepttooal eoDdltio&)« 
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[For a Bod whose Fnll Length greatly exceeded its immeraed Ijength would obTi- 
OQ&Ijr yiolate Conditioii 4^, bat it would also violate Condition 8% for it would be 
impossible to load it safficiently at the foot to depress its centre of grayity deeply in 
the water, and it would consequently offcen float in a yeiy oblique positionl. 

It follows therefore that^ 

"A long Rod is quite unfit for use with small immersion *\ (25). 

[The excess of Fnll Length orer immersed Length adopted in these Experiments 
was ST, 2r, 1^, I' for immersions over 6', between 6' and 8', between 8' and 1', and less 
than 1' xespectiTely]. 

Oft. Depth of imineTSion,— It is obyious that to prevent the Bods touching 
Ihebed^ 

^The vertical depth of immendon is always necessarily < the full depth 

(H)", -...(3a), 

also that, in consequence of the Rods floating, seldom vertically but, usually in a 
slightly inclined position — 

<* The vertical depth of immersion is usually slightlif < the immersed Length 

(0", (Si). 

As the real depth of immersion is unknown d priori, and would be difficult to 
observe, it must be assmced in what follows as nearly equal to (but generally <) the 
immersed Length (/). It follows also that — 

"The immersed Length (0 is usually < the full depth (H) ", (8e). 

[But it happened on certain rare occasions {ne Ser. 30, 37, 39} that the inmiersed 
length (0 slightiy exceeded the full depth (H). The possibility of such a case is of 
course due to one or both of the following causes : — 

P. The tilt of the Rod lifting ito foot sufficientiy to clear the bed. 
2". Lightness (i.0., imperfect adjustment) of the Bod, whereby its real imrner- 
sion in still water would be less than its intended immersion, 
but the excess was in every case unimportant, the maximum being *15 of a foot]. 

6, Sbt of Rods. — ^The Conditions (2a, 6), (3a, b, e) of Art 5, 5a involve the 
provision of a set of Rods of various lengths suited to various depths of immersion. 
Again, the Unsteady Motion of the water necessitates the provision of a oomsiderdhU 
stock of each particular length (Ch. Yl, 7} to enable Field-work to be done with 
any convenience. 
[The Bods were made up for these Experiments of following Lengths :— * 
Under 1^, of •!, '2, .8, &c., advancing by tenths up to 1'. 
1', 2', 8^, and so on by one-foot increments up to 12', in 1875— 1876. 
1', 1|', 2^, 2^', and so on by half-foot increments up to 12*, after 1876. 
The complete Set of Bods for one Field-party at the larger Sites consisted of 13 
of each Length in most frequent use (7' to 9|'), and 6 of all other lengths required. 
A complete Set of Bods is therefore a pretty bulky and heavy mass : thus a ungle 
Set of Bods of only one of each length amounts to about 154 running feet of Bod, 
and a ** complete Set" as above amounts to about 1280 running feet The bulk, 
weight, and cost of such a Set of Apparatus becomes a serious matter, and on all 
three of these scores (besides the essential of accuracy) the use of the ihinnett Bod 
consistent with sufficient strength and stiffness becomes a practical necessity. 
[The standard thickness adopted in these Experiments was one inch}, 

2q 
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7. Seseriptiott of Bods, (PI. XXIV, 6— 9).*-Thre6 different pat- 
terns of Rod were used at different times ; these will be termed for short- 
ness — 

1' wood Mods, used in 1875 and till May 1876. 

„ „ used also in short lengths (under 1^) throughout the wotk» 
2^" wood Rodi, used in March and April 1875, {$ee 8er. 108, 104.) 
1* tin Tuhe'Rods, used from Febiy. 1876. 

Here follows a detailed description of these Sods, (Art. 7a — ^f )— 

7a. 1' Wood Rods, (PI. XXIV, 5).— A slender cylindric Rod (LI) of T diame- 
ter, made usually of a moderately heary wood (as « SH" SJutrea MohuiH ; or ** T6n ", 
Cedrela Tiina), and sometimes of a light wood (as ** Deodir ", Cedrus Deodara) was 
loaded at one end I with small cylindric weights (W) of the same diameter as the 
Rod. The weights consisted of discs of sheet tin, and of small cylindric pieces of 
lead (W) of 1, 2, 4, 8 tolas*' weight respectirely : they were fixed at the foot I of the 
Rod by a long thin screw (2) passing right through them all. The Rods were loaded 
by experiment in still water until immersed (including the length of the weights) to 
the desired depth, leaving from 1'' to 3" projecting above the surface. A small screw 
(«} was slightly screwed on to the head of the Rod to be used for attaching a small 
pledget of cotton wool to serve as a '' marker". 

To decrease the absorption of water by the wood, the Rods were coated sometimes 
with paint, sometimes with oiL 

Objections, The chief objections to this pattern arise from the use of wood, and 
from the mode of fixing the loading. 

1^ If a light wood be used, the amount of lead required to sink the Rod when 
over 6' long forms a cylinder of such length as to be difficult to fasten on 
securely by a simple screw. 
2^ If a heavy wood be used, the available buoyancy is not enough to cany a 

''Load" at the foot sufficient to depress the centre of gravity deeply. 
8^. It is extremely difficult to procure wood which will yield straight Rods of 

10' length (and upwards) of only 1* diameter, free from knots and flaws. 
4®. Wood is so hygroscopic, that the fine adjustment required is rapidly destroyed 

by immersion in water. 
5". The mode of fixing the lead weights — ^viz., by a long screw passing through 

them — is insecure. The weights are liable to be detached whilst in use. 
6". If the screw used for attaching the weights breaks off short, the Rod cannot 
be repaired, but can only be converted into a shorter one by cutting off the 
foot. 

7®. The lead weights are liable to be stolen. 

8^. These Rods proved expensive in lengths exceeding 6', partly from the good 
quality of wood required (^see 8^), and partly' from the quantity of lead re- 
quired for the loading. 

These objections were found to be so great, that the use of this pattern was entirely 
given up in 1876 for all lengths exceeding one foot. 

•One*<toU'*si80fratM. 
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7b- 24* Wood Rodb, (PL XXIV, 6}.^ k few Rods of a decidedly saperior finish, 
Made ap in the ^Bocnrkee Workshopa" for the use of the Ganges Canal Staff , were 
lent for ose on these Experiments from the Northern Division Ganges Canal Office. 

These were neatlj made cylindric wooden Rods of 2^" diameter, fitted with loaded 
iron tabes at the foot / of same diameter a& the Rod, into which ballets, shot, &c., 
eonld be introdaoed (for adjostiog the depth of immersion) through a small hole (a) 
closed bj a sliding shatter : thej were neatly painted all over, and marked in feet, 
and qnarter-feet I'oar claw hooks were fitted on the head to enable the Rod to be 
easily canght They were made ap in Sets of only three (one 3', one 9', one 12' 

ionO- 

Olfjeetions. The chief objection to this pattern is its expense, the Set of three 
costing abont thirty rapees {ie,, aboat £3), so that they coald not be made op in 
large nnmbers. The Set of only three lengths is obvioosly useless for general use^ 
(the 9' length for instance is useless in water between 3^' and 8' deep,) tee Art 5. 

There are also minor objections. The thickness 2|' is probably too gteat for ac- 
curacy, and it inTolves the 12' length being inoonyeniently heavy for handling. The 
sliding shatter was liable to be broken and lost, upon which the ballets, &c., frequently 
fell out and were lost 

This pattern was used only in the two Mean Velocity Ser. Nos. 102, 104 done in 
1875 in the Left SoUnf Aqueduct. 

7c. r Tin Tubb-Rods, (PL XXIV, 7).— This pattern was a "Tube" of l" 
bore made of sheet tin, in lengths corresponding to the width of the sheets obtain- 
able. The longitudinal joints of alternate lengths were arranged on opposite sides 
of the Tube so as to break joint The joints between the lengths were ** butt joints '' 
formed over a short "joint-piece", or similar tube 3' long, fitting easily inside the 
main tubes, (1 4' inside each.) A piece of 1* rod -iron (W) was fixed inside the lower 
end (Q of the Tube, of such length as to sink the Tube in an upright position in 
still water nearly to the desired depth, and formed in fact the chief part of the " load- 
ing". The fine adjustment to the required depth of immersion was done by drop- 
ping small bits of iron, and lastly shot into the Tube in still water. Finally the 
head of the Tube was sealed with a tin disc, (sometimes fiat, sometimes slightly 
ronuded.) The ontside was then coated with a coat of cheap black paint to protect 
it from the water. The "water line" (L) on each finished Tube-Rod was marked 
by a ring of red paint, and the Lbmgth (Art 5) of the Rod was figured on it in red 
paint to enable each length to be readily recognised. 

The Rods made up after Sepr. '78 were fitted with an arrangement for confining 
the shot, &c., used for the fine adjustment to the' lower end of the Tube : this was 
simply a sort of conical funnel (/) also of sheet tin fixed inside the Tube just above 
the iron foot ; this funnel allowed the shot, &c, to pass downwards when the Tube 
was held erect, but rendered their return difficult when the Rod was laid flat or even 
inverted. 

These Rods were made up in large nnmbers for this work by a common native 
tinsmith in the bazar, at the rate of abont 2| annas a foot, and required only testing 
on delivery. 

Plauk'-rrayif and Handling, (PL XXIV, 8).— The longer Tube-Rods were of 
eonrse somewhat fragile, and were liable to be strained if unsupported when in a 
horisontal position. When not in aetnal nse they were accordingly laid oat on I* 
planks with strips of wood screwed on at the ends and sides so as to form a sort of 
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Plaitk-Tbat (PL XXIV, 8) about 9* wide witih nosed edges about 8' higb which 
■enred to prerent the Rods slippiog off. Each Plank-Traj held about 18 Bods. Th« 
Bods being of same thickness thronghont lay fiat on the Trays without being strained. 
The Rods were usually lifted and carried about on the Plank-Trays : if required to 
be lifted and carried without the Trays, the longer Bods were always cairied in an 
upright position with the loaded ends down. 

[By moderately careful handling the Rods lasted a considerable time : of course 
after a time the joints became strained and admitted water into the Tube. This 
defect caused the Bod to sink deeper than usual in the water, and was therefore 
easily detected during use ; any Bod in this condition was at once withdrawn from 
use, and sent for repair]. 

Adoantage$ of Tuhe-Rods, The Tube-Rods prored by far the best of the pattens 
tried : they fulfil all the six Conditions of Art 4 admirably. They are strong 
enough and stiff enough to bear a good deal of use ; they are light, easily packed, 
con?enient in use, easily repaired, pretty cheap, and not worth stealing. 

7d. AixrusTMBKT and Testing.— The adjustment of the ** loading '* of the 
Bods to proper depth of immersion was always done in still water. Similariy all 
Bods recei?ed from Contractors were tested in still water before being taken into use. 
An error not exceeding i" in the adjustment of Rods not less than one foot long was 
considered admissible. 

The most conyenient mode of testing is to simply place the Bods in a still water 
pool or tank ; but as a still water pool of sufficient depth (oyer 12^ required) is not 
always readily accessible, it is worth noting that the adjustment and testing can be 
quite conveniently done inside a long tube of a few inches diameter standing upright 

[The Test-Tube used in these Experiments was (see PL XXIY, 9) simply a pipe 
of sheet tin 14' long by 4|' diameter placed in an upright position against tiie side of 
a yerandah, so that the top of the pipe was accessible for use from the yerandah roof. 
The top of the pipe was provided with a loosely fitting cap to exclude dust when not 
in use, and the foot was provided with a stop cock (s) to let out water. This arrange- 
ment proved very convenient]. 

7e* ^^ ^f Rods. — There was a constant small loss of Rods during Field-work 
from their sinking outright Both kinds of Rod, the wood and the tin were liable 
to become too heavy to fioat during actual use ; the wooden ones from absorption of 
water, and the tin ones from leakage of water. But by far the most frequent cause 
of sinking was from the foot of the Bod being caught by something on the bed (tf.^.» 
on snags, brick or clay heaps, or other projections) ; unless immediately released the 
current-pressure carried the Bod under, and laid it flat on the bed, where it usually 
lay (without being swept down-stream by the current) until released. A very slight 
touch, enough just to disturb the Bod, sufficed to bring it to the sur&oe again. 

[Rods so. sunk were constantly recovered by ** fishing " for them with a pole with 
a hook at the end, or, if this failed, by diidng for them, just about the spot where 
they sank]. 

7f« Top-hooks ttfslMf.— It was suggested to the Author that the provision of 
<< daw-hooks" at the top of the Rods (as in PL XXIY, 6) would allow of the Rods 
being caught after passing out of the Run upon an extra Rope strained across the 
stream for the purpose, and so render the use of the Lower Boat (always used in these 
Experiments for catching the Bods) unnecessary. 
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If this were a practicable and fairly handy arrangement, it would often be a great 
ooavenience in the ose of these Rods by the regnlar Canal Staff, as it is not always 
possible lo proTide two Boats suitable ; the expense of the men employed in the 
second boat would also be sared. 

On account of the practical importance of this question, it was deemed right to 
giye the arrangement a fair trial. It was accordingly tried both at the Belra Site 
(190' wide) and at the Kamhera Site (70' wide) : every possible attempt was made to 
secure success, but the arrangement was found nearly impracticable with any sort of 
eonyenience. 

The practical difiaeultiis were found to be of two kinds-' 
1^. The uncertainty of the Rods hitching properly on the Rope. 
2^. The difficulty of bringing them to bank when hitched. 

It seems unnecessary to enter into these difficulties in detail. Suffice it to say that 
from one cause or another, a large proportion of the Rods cast from the Upper Boat 
could not be successfully brought to bank by this process. When once slipped, the 
only way to catch these Rads (in actual practice) would then be either to send the 
Upper Boat (supposed to be the only one in use) after them, or else to send a man 
in swimming after them. Either mode would be vexy inconvenient. The detaching 
of the Upper Boat for this purpose would sometimes involve the loss of half an hour, 
or even more, (a serious matter under an Indian sun.) This amounts to saying that 
the use of a Lower Boat for catching the Rods is indispensable to practical conveni- 
ence, so that the addition of the hooks does not secure the advantages sought. 

On the other hand the presence of the hooks has inconveniences of its own : the 
spread of the hooks^being necessarily greater than the thickness of the Rod— pr^ 
Tents them lying fiat on one another. This involves a constant transverse strain on 
them (which they are very ill able to bear), and also the occupying more space in 
packing, 

8. Bod-motion^ Experiments^ — A very extensiye course of Experi- 
ment was undertaken to compare the Bod-velocity (u) with the Mean 
Velocity past a vertical (U). This was tried in two distinct ways— 
i. By comparing the Mean Velocities (U.) through various depths («) less than 
the full depth (H) with the Rod velocities («>) of Rods of Lengths (0 the 
ssme as those depths («), (t.«., / = t), 
it By comparing the Mean Velocity (U) through the full depth (E) with the 
Rod-velocity (v) of a Rod of Length (0 nearly equal to H. 

The latter is the more important in a practical view, as the chief use 
of the Bods in actual practice would be for measurement of the Mean 
Velocity through the full depth (H) on each vertical, and not through a 
part only of it {z). The course of Experiments for the latter (No. ii) 
was accordingly much the more extensive. The former research, howeveri 
is equally important scientifically as the latter. 

8a. Ciomparison i> Fibld-wobk.— The three Sbbies, Nos. 3, 4, 13 (of Sub- 
surface work) were executed specially in such a way as to yield the requisite data 
▼is., by numing Rods and Double-Floats of same nominal depth of immernon (i^., 
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I s= f ) in p«n logefhw (io that each pair should be paadng through the Buk 
clofie together). 

[The order was— Three Surface-Floats, followed by- 
One 1' Doable-Float and one 1' Rod, three times in snocesdon ; 
One 2' Double-Float and one 2* Rod, three times in succession ; 
and so on down to the lowest depth (n feet) attainable]. 

It will be seen that this furnished the data required : using notation indicated in 
following scheme :— 

Depth (in feet) from surface, z =1, 2, 8, (R-l),ii,...H=:fulldepth. 

Discharge (past the depth c), Ds = Di, D^, D„ Dn.], Da,...Da, or D. 

Mean-Velocity (through thedepth t)»U, = U|, U3, U„ Un^i, Ub,...Ub, or U. 

Rod-Velocity (of Rod of length <), k« = Hy «>, u^^ ..•». 1111.1, v., ... ti 

The superficial Discharges (D.) past the several lengths g (= 1', 2\ 3*, ... (i-l)', 
n feet) of the Terliical of full depth H were calculated with the formuhe giyen in 
Ch. Xni, 2b from the velocities given by the Double-Floats : the Mean Velocitiea 
(U.) through each of these depths («) were found (as in Clh. XIV, 1) by the for- 
mula 

Us = Di -T- 'f for every value of t, »• (4). 

The Bod«Telocities (each deduced from mean of timings of 3 Rods) were formed 
into Sbts and Sbbxes, and tabulated precisely in the same way as the Subsurface 
Velocities of these Series (3, 4, 12), forming therefore corresponding pairs of Ssbibs 
made up of pairs of corresponding Sets executed to the emallest detaile under th4 
same External Conditioner as nearly as is possible in this sort of Experiment. 

The details of these Sebibs of Rod-velocities have been given as Series Nos. lOR, 
1 IR, 12R at pp. 93y 94 of the 1874-5 Report But as it is only jMnoposed to compare 
the Average values of U., u, of a whole Series, (and not the values thereof for each 
Set separately), it seems sufficient to republish only these Average values ; these alone 
are now given in Abstr. Tab. 9> 

Sh, Dieeuseion o/i.— A glance at the vertical curves given by the above (PI. "^HT^ 
Xni, Ser. 8, 4, 12) will show that in all three the mazimnm velocity line is depressed 
below the surface, from which it arises that — as may also be seen from Tab. Q— 
''The Mean Velocity-Measurements (U^') from the Double-Float are at first 

greater than the surface velocity for a short depth below the surface, and then less 

than the surface velocity, and decreasing steadily downwards towards the bed ", (5). 
Now it will be seen from Ch. XIV, 6b that the error of the Mean Velocity mea- 
flurement (US') deduced from the Double-Float is generally as follows :— 

U, >< U,' when »« <> W (6), 

«o that m euch a eaee at that of the Seriee in queetioH'^ 

** The differences (U.— US') are at first + , then - , and increasing with the depth 
below the surface", ^ ^ (7), 

But the Table quoted (No. Q) shows that, in these Series— 

^ The differences (v>— U.') ars at first + , then - , and incrrasing with the depth 

below the surface", ^^ ^ , ^ (8), 

Comparing the last two Results it is seen that— 

" The Rod-velocity (v«) exceeds and falls short of tiie Double-Float Mean Velo- 
city (U>')iu those regions where the latter 10 known to be short of, or in axeesB of, 
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the trae Mean Velodtj (Us), and the latter Differenee (id-^ITi') incfeaies tcnrardi 
the bed, much as the excess error ol the Doable-Float Mean Velocity does '*, ...(da). 
From this it follows that — 

** The Rod-Telocity (««) iBprobaliy a eloter approstmatiim to the Mean Velocity 
(TJs) through the depth s than the yalne (UiO given by the Donble-Float, especially 
when that depth (£) is a large fraction of the fall depth (H), in which case the 

Bonble-Float is need at a disadTantage ", (9^). 

Now the determination of the Mean Velocity through the fall depth (H) is a far 
more important practical qaestion than its determination throogh any portion (s) of 
that depthf and it is seen that the nse of the Doable-Float is then the most disad- 
Tantageoas. This Is obTioosly all in favor of the nse of the Rod for measnrement of 
Mean Velocity past a vertical. 

8c. Comparison ii. — The preceding Experiments having given some 
confidence in the use of the Bods for measarement of Mean Velocity 
(ITi) through all depths (z) less than the fall depth (H), a far more exten- 
sive Series of Experiments was undertaken for testing their nse for 
measurement of the (practically far more important quantity) Mean 
Velocity (U) through the full depth (H). 

To effect this it was proposed to compare the value of Mean Velocity past 
a vertical deduced from the use of the Double-Float (as in Ch. XIV, 5) 
with the Bod-velocity of Bods sunk nearly to full depth. 

8d. FtBLD-woKK, Tabulation.— -In ezecnting each Sxr of Snhsnrfaoe work 

with Donble-Floats at the \\ 2\ 8', &&» n feet (nominal) depths as detailed in 

Oh. X, 5 the general practice* was to obtain six measnrements of Rod-velocities after 
or at the close of each Set, (Ch. X, 5,) nsing always Rods of <* Length" (Q nearly 
equal to the f nil depth (H). 

[The Rods being made np only in the lengths detailed in Art 6, it resulted tfaat^ 
I being the " immersed length", 

j = f» feet usually when n is nearly equal to (but <) H, ^ 

= (n+ 1) feet occasionally when n is several inches less than H, / 0^)* 

= ('*'' 1^ ^^t occasionally when n > H, («ee Ch. X, 13^ i), J 

where n = length of longest Connector in feet 

The ** velocity " deduced (Ch. IV, 34a) from the mean of the timings of the six 
Rods was accepted as the proper measure of the Boi>-V£LOCITT («) for comparison 
with the Mean VxLOCiTrf (0) past the vertical deduced (as explained in Ch. XIV, 5) 
from the particular Bet of Double-Float velocity-measurements which it accompanied, 
the Field-work for deducing both having been exeeuied in concert under near^ the 
eame External Conditioner 

The two quantities (U, u) are entered together in Col 8t ^ncl ^^ ^Length'* of 
Rod used in Col. 2 of all the Tables VII^XX^III, for every Set of Subsurface 
work, (except in Ser. S.) To facilitate the comparison, the difierenoe (« - IT) also is 
taken out for every Set in CoL 9* lastly, the Range, (i. e., difference between 

* cartiad oot in werj Series except Ha S. 

f la wkat followib m well in Tab. YII— ZXVlIlaiid8»4|tIieiiMoirtlie acoentedUhMbeea 
dropped for the Mean Yeloeitj» m eaw r e M ept giTea ^ the Doable-Vloat. 
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greatest and least,) and Avsraob of these yelocities («, U) and differences {u^XJ} 
in each Skbiks are entered in the lines i, v respectiTely at foot of each SBBisa 

An Abstract of these Results is also giyen in Abstr. Tab. g^ 4, Tiz*t the Ayerage 
Mean Vdocitj (U), Average Rod-Velocity («}, and the difference between them 
(tt- U), and also the Range of both U, u for each of the 46 Series. 

So. JDitcuition of ii.— It will be sufficient to compare the Average yalaes of U, « 
In the Abstr. Tab. S, 4. It was shown in Ch. XIV, 6b that, on the whole, the 
Average value of U might be expected to be in error as follows : — 

<< IT is too great, when the max. velocy. line is high (Z not > about iH)",(lla). 

*< U is too small, when the max. velocy. line is low (Z not < abont iH)", (U&), 
oragain-^ 

"U is too great, when < V,... ..(12*). 

•<U is too small, when > t^\ (126). 

Now if « be a closer approximation to the true Mean Velocity than U, then 

« V should be < U in Cases (11a), (12a) ", (18a). 

« u should be > U in Cases (lU), (12J) '*, (186). 

[Of course no inferences can be drawn with certainty in cases approaching the 
critical limits, t.«., when Z = '888 H nearly ^ or (U - v^) is a very maU quantity]. 

Now on examining the three columns of (v - U), Z -r H, (U - Vg) in Abstr. 
Tab. 8, 4 ; it will be seen that— 

^ (« - U) is negative, (1.0., v, < U), in 31 out of the Total of ^ cases in which 

Z -4- H < + '84, (including cases when Z is negative) ", (14a). 

[The exceptions are only Ser. 4, in which v = U, and Ser. SO, in which (v - U) 
8= -f •08 : the Rods used in this last were only Z' long in a depth of 8'<99 ; had 
longer Rods been used, the value of u would certainly have been smaller, and possibly 
<U]. 

'* (» - 0) is positive, (t.^., « > U) in 6 out of the Total of 8 cases in which 

Z-i-H > + .84", (146). 

[The 2 exceptions are Ser. 34, in which Z -r H =: •892, and « = U, 

and Ser. 38, in which Z -r- H = .894, and («- U) = - aO]. 

Also, ^ (tc-'*!!) is negative, (1.0., u < U), in 82 out of the ^ cases in which 

U < Vg". [The exception is Ser. 4, in which (m = U)], (15a). 

** (k - U) is positive, (t.0., v > U) in 6 out of the Total of 7 cases in which 

(U - O > .10", , (166). 

[The exception is Ser. 34, in which (U - Vq) = + 46, and v == U], 

also, ** (k - U) is negative, t.0., tf < U in all the 5 cases in which (U - Vq) is only a 

maU -f quanUty not > .10" (156*). 

Thus on the whole the difference (u - U) between the Rod-velocity and Mean Velo- 

dty*measurement is of that character which might be expected (^ee Results (14a, 6) 

& (15a, 6, 6') above) from the known error of the latter. 
It will be seen that all this is strongly in favor of the use of the Rods, and points 

to the important Conclusion— 

^ The Rod-velocity of a Rod whose vertical depth of immersion is nearly equal 
to the full depth (H) gives an approximation to the real Mean Velocity through 
the full depth (H) of that vertical generalfy closer than that oHainalfle 6y the uae 
of the Ihuil^FUfat", • ^ (16). 
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9. Steadiness of Bod-motion^— It has been ezpluned (Ch. VI, 17) 
that there is a constant lateral interlacing of the stream-lines in conse- 
qnence of which Floats (of all kinds) move in a tortuous path, edging 
sometimes to the right, sometimes to the left. This irregnlarity of the 
Float-path is far less in the case of the Rods than of any small Floats, 
(whether Surface-Floats or Double-Floats,) as might be expected, because 
many of the transverse pressures due to fluid particles moving to right 
or left must necessarily balance in the case of a Rod, and the actual 
'' Deviation '* of the Rod to right or left is only that due to the unbalanc- 
ed portion of the lateral pressures. 

The principal source of the tediousness of velocity-measurement with 
Floats, viz., the irregularity of the Float-paths, is thus much reduced 
in the case of the Rods. 

This is well shown in the following special Experiment on this point :-— 

9a> ErperimenL—A saccession of 100 ST Surface-Floats and 100 1' tin Tabe- 
Rods of 9' length were mn in as rapid succesiion as posnble, (Surface-Float and Rod 
alternately,) down the mid-channel line of the Sol&nf Embankment Mun Site. ETery 
Float was timed in the nsnal way throngh the 60' Bon, whether in fair course or not , 
and its ** Deriation" to right or left of the centre in passing nnder the Lower Rope 
recorded, with the object of comparing the maximum Deviation ordinarily possible 
with the two Instruments. The Results were (see Tab. LXXIY)^ 

Surface-Floats. Max. deviation, to left 12' ; to right, 11' ; Total 23'; 

Rods. Max. deviation, to left 5' ; to right, 5' ; Total 10'; 

showing a far larger deviation with the Surface-Floats than with the Rods. 

Again, when in use near the edge, the Rods do not partake (or at least not sen- 
siblj) of the constant set of the surface-water away from the edge, (explained here- 
after, Ch. XVII, 14a) : this enables t^em to be used closer to the banks, and also with 
longer Runs when near the banks than is possible with any other sort of Float. 

The two principal sources of the tediousness of velocity-measurement with Floati^ 

TO.— 

W Irregularity of the Float-path at all parts of the channel, 
2^. Set of the surface-water near the edge towards the centre, 
are thus much reduced in the case of the Rods. This is a most important practical 
advantage, as it makes velocity-measurements with Rods easier, and— on the whole — 
quicker of execution than with any other sort of Float, (even though the Rods 
move actually the slower,) because the proportion of Rods that run in <* fair course " 
is much greater out of the whole number cast into the water than with any other sort 
of Float. 

Again, the variability of the Rod-velocity is markedly less than that 
of the surface- and subsurface- velocities. This may be seen by examin- 
ing the << Banges '* given for all the velocities at foot of each Series in 
Tab* VH— XXVIII, or more rapidly (for the case of r^, v^^ ©^i " oiAf) 

2 a 
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hj comparing the '' Ranges'' given in Abstr. Tab. S^ 4. ' An Abstract 
of the Total number of Series in which the Bange of u is less than, and 
not less than, the Ranges of v^, v is given in following Table : — 



ooxpABuoH or Baboib. 




Hange of « < Bange of v^, 

Bange of tc = or > Range of v^ ... 

Range of tc < Range of r^^^ ••• 
Range of « = or > Range of P|q, ... 
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The general Gonclosion from the above, and indeed from the (very 
extensive) experience gained in the whole course of the Experiments is 
that— 

'' Rod-motion is decided!/ steadier (as regards both irregalaritj of Float-path 
and yariabilit/ of Telocity) than the motion of small Floats", (17). 

10. Advantages of Bods.— Admitting that Rods of immersed length 
(Z) nearly equal to the fall depth (H) do give a fair approximation to 
the Mean Velocity (U) past the vertical, the advantages of their use for 
that purpose — as compared with the Double-Float — are very great in 
the case of streams less than about 15' deep. 

The theoretical advantages are — 

« The Rod is free from the nncertunty attending the Instability and (unknown) 
Lift of the Sab-Float ", ! (18). 

''The approximation to the Mean Velocity appears to be commonly aetualljf 
cloier than that given bj the Doable-Float ", (19). 

The practical advantages are— 

<<The Result is obtained more rapidly", - (20). 

''The Instrament is more easily handled, and less delicate ", ••••^^21), 

"It is simpler in oonstroction, cheaper, and more durable", (22), 

As the only other known process— not involving the use of the Double- 
Float— of obtaining the same result (Mean Velocity past a vertical) with 
moderate rapidity by direct Experiment, is that kno?m as " Integration " 
with a Current-Meter, a somewhat difiScalt process, attended with un- 
certainties of its own in addition to those inherent in the ordinary use 
of the Current-Meter, the abore advantages of the Rods seem to justify 
the Conclusion that — 
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''For measnrement of Mean Velocity past a rertical, the Rods Bhoold aapenede 
all other Instmmenta in cases favorable to their oae", (28)* 

The practical importance of this Conclusion is yery great indeed. 

11. Conditions favoraUe to Bods.— -In addition to the Conditions 
favorable for the use of Floats (Ch. lY, 9) of any sort, yiz.— 

'^ A Reach of nearly uniform Cross-section and average bed-slope thronghont a 
great length ", (24), 

it is also necessary for the fayorable use of Bods that— 

" The Bed shonld be tolerably even, lengthways ",.•• - ••••• (25)* 

" The depth shonld not exceed about 15'",.... ...»......^.. (26). 

11a. Condition (25). — ^This is necessaiy to accuracy. It is clear, that— in order 
that the Rods may run ** free "— t.e., without touching the bed— 

** In each Float-course the immersed Length (/) of Rod must be < the minimum 

depth along the Float-course", (27). 

Thus the presence of a single isolated ** bar " across the bed or across even part 
of the bed just above or within the Run would bo very unfavorable, as it would 
involve the use of an unduly short Rod, which would move with a Telocity higher 
(and therefore presumably greater than the Mean Velocity sought) than that of a Rod 
long enough to reach nearly to the bed elsewhere. It would seem therefore that — 
" Roughness of bed, and especially the presence of isolated bars just above or 

within the Run, causes over-estimation of the Mean Velocity past a vertical ",(28). 

lib* Condition (26). — ^This is simply a practical limit- 
There is obviously some length beyond which the Rods would be so heavy and un- 
wieldy as to be unmanageable : the longest Rods used in these Experiments were 11 1' 
in length in about 12' of water. No great difficulty was found in handling these in a 
current of about 5 feet per second, and it seemed to the Author that there would be 
no great difficulty up to about* 15' length. 

[It seems possible, however, that the essentials of the Rods above described (viz., 
those of uniform thickness and uniform surface throughout the length) might be 
secured for greater depths by the use of some flexible material admitting of coiling 
like a rope. It should be specifically lighter than water so as to admit of heavy loading 
at the lower end : the tension produced would probably suffice to keep it nearly 
straight]. 

12. Preparation of Site. — From what precedes, it appears that a Site 
where Rods are to be much used shonld be prepared by '^ dressing " the 
Bed and Banks as follows : — 

« The bed should be dressed for a length greatly exceeding the whole Rod-path 
(say not < 250") to a tolerably uniform cross-section and longitudinal slope, (vis., 
the avenge cross-section and bed-slope of the locality)", .• (29a), 

and,— 

** The Banks should be dressed to a tolerably uniform slope (vis., the average 

slope of the locality) for an equal length (250') ; and, if likely to suffer erosion, 

should be protected throughout this length by revetting with masonry ", (296). 

* Vor the mote of UeHorement of Mean Telocity post a vertical rooonuBended for greater depths 
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[The dressiiig the banks to a nniform slope is essential to nse of the Rods with anjr 
convenience near the Banks and actually over the Side-Slopes ; any roughness in the 
Banks interferes most annojingly with the nse of the Rods (near the banks). The 
masonry lining need not be expensive : brick on edge laid dry will do very well, (mc 
Ch. ni. U, 16)]. 

13. Discharge past a vertical. — The approximate Mean Yelocitj 
(tt) past the vertical of full depth (H) beipg known, it follows that, (to 
the same degree of approximation,) — 

Discharge past the vertical (of depth H), or D = v . H, • • (SO). 

With a bed on a uniform slope, the depth (H) is of coarse constant 
along a Float-course : but with a rough bed, the depth along the Float- 
course varies, and it is not at once obvious what quantity should be un- 
derstood for H in the above expression. On the whole the Average 
Depth along a Float-course appears to be the best quantity to use fdr 
H, partly for reasons given in Oh. Y, 13, and partly because the Oon- 
elusion (16) that the Rod-velocity is a closer approximation to the true 
Mean Velocity than the value (U) given by the Double-Float is baaed 
upon valiies of U computed for the Average Depth. 

For these reasons the Average Depth along a Float^ourse, (obtained 
as in Ch. Y, 13 — 17) has been used for H in above formula throughout 
these Experiments. 

[It has been suggested to the Author that the minimum depth along a Float-course 
is the proper quantity to nse for H in the above expression. This might be true if 
the water were still (i.«., not moving forward) in the hollows below the level of the 
ridge in the bed which defines the minimum depth in question. But there is reason 
to believe that the water is in motion in these hollows : in fact in clear streams with 
a sandy bed, particles of silt can often be seen moving gently along over the bed, and 
indeed the mere existence of the hollows points to scour, i.e., motion of the water 
along the bed and in the hollows themselves {tee Ch. Ill, 4). Thus the minimum 
depth on a Float-course does not seem to be the proper quantity to nse for H in above 
expression]. 

14. Instrumental Errors. — The only obvious possible sources of 
error inherent in the Instrument seem to be — 

i. Tilt of Hod. iL Shortness of Rod, 

14a. ^I'T ov Bod.— The cause of the " Tilt" (or obliquity of position) of the 
Bod has been explained in Art. 8, 4. The practical effect of this Tilt is to make the 
vertical depth of immersion (and therefore the *' effective length ") of the Rod 
somewhat less than its immersed length. The Error caused is therefore similar to 
ihat due to nse of a short Rod which will be considered under the next head. 

With well designed Rods, in which the centre oi gravity is low down, the Tilt ia 
always small, so that the error due to (his cause is quite trifling. 
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I4b« Bhortnea of itod— It is clear that the Rod^whose yertical depth of im- 
menion (0 is necessaril/ less than the fall depth (H)^not penetrating into the 
lowest fluid strata, is not directly affected hy these lowest (and therefore slowest 
moying) strata. It would seem therefore probable atfint sight that the Bod-relo- 
citj («) is always necessarily greater than the real Mean Velocity (U). This, 
however, by no means necessarily follows, because the Rod-Telocity (ih) of a Rod of 
length ({ = s) is not really equal to the Mean Velocity (lit) throughout the depth 
(a =: of immersion of- the Rod, but only nearly equal, so that it is qnite possible 
there might be a compensation of errors otherwise apparently due to this cause. 

The Experiments aboYe discussed do not indeed actually prove this, but they leare 
it prolable, because tbey show (fe« Art 8b, 8e) that, denoting the yalue of the Mean 
Velocity through full depth (H) given by the Double-Float by U', 

tc < 17' in cases where U' is known to be too great,.. (81a). 

If > U' in cases where IT' is known to be too small, •. (810* 

It is of course qnite possible that the value of ti might be actually too great in both 
eases ; but, if it be admitted that the value U' given by the Double-Float be any 
tolerable sort of approximation at all, it is much more probable that the value u la 
not always too great. 

In fact all that can be said d priori so far is that— 
" The Rod-velocity («) of an unduly short Rod is greater than the Mean Velocity 

(U) past its vertical", ..:. .• •. (82). 

But it will be shown in next Chapter (Ch. XVI, 10), that— 
'' The Rod-velocity (v,) of a Rod (whose depth of immersion ibIssz) is less than 

the Mean Velocity (Ux) throughout the same depth (f), a being < H'V (88a), 

or in other words that, for the ordinary use of Rods— 

" The Mean Velocity (U) past the vertical of the full depth (H) is equal to the 

Rod-velocity («) of a Rod whose vertical depth of immersion (Q is somewhat < the 

f all deptii (H) " (88i), 

BO that there is in fact the compensation of errors spoken of. 

This very important Result disposes of one of the principal objections hitherto 
urged against the use of Rods. [For fuller discussion, see Ch. XVI, 10, 11]. 

15. Other Opinions.— These Gonclasions (83a, h) are contrary to the 
hitherto general belief: the present Author has not, however, been able to 
find any considerable amount of evidence in support of the belief that the 
Rod-velocity is necessarily greater than the Mean Velocity past the 
yertical. 

15a. Lowell Ezffs.— In this Work the Conclusion is advanced (Art 179) 
that the Rod-velocity should be always greater than the Mean Velocity past the same 
vertical for two reasons^ 

1^ In consequence of not partaking of the irregular intimate motion of the 

water. 
2*. In consequence of not reaching into the slowest fluid strata over the bed. 
The first objection is merely that quoted from Weisbach (see Ch. IV, 7f), and 
already disposed of in the Article quoted. 
The Experiments made to test the second point were 11 in number, (Lowell Ezpts., 
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Art 17^— 185| and PI. XI : the dimensions given below are only approximate, being 
mostly taken by scale from the Plate qaoted). 

Water was admitted from a Canal aboat 80' wide into a narrow lock-cbannel 
(atone side of, and parallel to, the main Canal) abont ISO* long by 20' wide, the nppcr 
portion of which was of uniform rectangular section for a length of 140' from the 
head $ the remaining 40' length was not quite so regular. This 20' channel tenninat- 
ed in the lock-passage, which was only abont 12' wide, the contraction taking effect 
wholly from one (the left) bank. The lock-passage contained two lock-chambers, of 
abont 110' and 90' length respectively, the upper lock gate being about 25' below the 
head of the passage. 

Velocity-measurements were made in the upper uniform 140' length at many differ- 
ent points of its breadth with loaded 2* tin Tube-Rods nearly reaching the bed, and 
from these the Total Discharge was computed much in the same way (though with 
different formula) as that used in the present Work, (Ch. XIX, 3, €t teq,) 

This short uniform length within which the Rod-velocities were measured is termed 
a* Flume. In the first four Experiments the Flumb was 20^ wide (being the f uU 
width of the channel). In the remaining seven Experiments a wooden partition was 
inserted along the central line of the 140' channel tiiroughout its whole length, thus 
dividing it into two chambers each 10' wide ; the right chamber was closed up, and 
the left chamber used as a Flxtmk. 

The lower lock-chamber was— for these Experiments— enlarged about 25' from its 
head into a nearly square basin about 84' xS2', from which the water was discharged 
through three rectangular openings (or weirs) of about 27^ 24', 27' in length in three 
of its sides. The depth of water passing over the three weirs (in no case exceeding 
one foot) was found by taking the water level at 4 p<Hnts inside the basin with 
'* hook-gauges". The Discharge passing over the three weirs was computed by a 
certain formula first proposed for this purpose in the same Work (Art 124, et seq,) 
The two Results, viz., the Discharge-measurements in the " flume " and over the 
** weirs " will be called for shortness the FLUME-DiscHABaE, and WEiR-DiSdHARGE. 

Comparing the Results in the 11 Experiments— 
Flume-Discharge > Weir-Discharge in 9 cases ; max. excess 4 percent 
Flume-Discharge < Weir-Discharge in 2 cases ; max. defect 1 per cent 

The excess in the 9 cases was always very small, viz.— 
4 per cent, 2 cases ; 8 per cent, 2 cases ; 2 per cent, 2 cases; 1 per cent, 8 cases. 

The Ck)nclusions given are (Art 184, op, eii,) — 
« comparing all the results, however, we may say, Ut, that, generally, there is 

a small excess in the results of the flume measurements, over that by the weirs ; 

2ndf that this excess increases with the velocity in the flume ; Sri, that the excess 

increases also with the difference between the length of the immersed part of the 

tabes, and the depth in the canal ". 

It appears to the present Author that it by no means follows that the Flume-Dis- 
charges were really larger than the True Dischaige, as it may well happen that the 
Weir-Discharges (with which alone they can be compared) are them$ehei a Utile too 
smalL And further, the number of Experiments was too small (only 11), and the 
amount of eneeee too imaU (see above) to wanant any broad generaliiations. It may 

* This t«rm, FLtnu, it now used by American hydraulicians In the mow of a short nnilorm chao- 
■el pnpared for Dit^hnge-measaremcatk 
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well htppen that the nmdler excesses of 1 and 2 per cent are mainlj errcMn in the 
Weir-DiBchaige dae to the disturbed state of the water (Art 180, op. eit.) in the 
Weir-Basin. 

[As the depth on the weirs in no case mnch exceeded one foot, (ih,,) an error 
of '01 of a foot in determining the water-level woold canse an error exceeding 1 per 
cent, in the Discharge given by the Weir-Formnla. J 

Again, the Flames nsed were extremely w^avwrahle to the proper nse of the Bods 
in the following points :^ 

1^ From their shortness, (only 140*). 

2^. From the yeiy great differences in width of the Sapplj-channel (80*), of the 

Flames themselves (20* and 10'), and of the Exit-channel (12'.) 
8^. From the very nnsymmetric position of the Snpply-channel, Flames, and 
Exit-channel : this was especially nnfavorable with the 10' Flame, which 
(being on the left side of the lock-channel, whilst the exit-passage was on 
the right side) was directly opposite the obstrnction by which the 20' channel 
was contracted to the 12^ passage. 
4^ From the very great changes of level from the bed of the Flame to the 
bed of the Locks (drop of 7'), and from the bed of the Locks to the sill of 
the three discharging Weirs (rise of 11'), all occarring within the short 
distance of 218' below the tail of the Flame. 
This led to an extremely irregnlar distribution of the velocities across the channel, 
(as may be seen from PI. XY of same Work), which was of coarse very nnfavorable 
to the ase of the Bods. The remarkable closeness of the agreement of the Flame- 
and Weir-Discharges nnder such circamstancea is in fact greatly in favor of the snffl- 
cient practical agreement of both processes (without necessarily proving anything in 
favor of either). 

No opinion is in fact given in the Lowell Experiments (1855) as to the compara- 
tive accuracy of the two Experiments, bat it appears that the Author was subse- 
quently convinced that Bod-velocities give too large Besults. This appears from a 
passage in the Mississippi Beport (p. 809) wherein a certain '' co-efficient of coxrec- 
iion " is proposed,— 

Co-efficient = 1-000 -0-116 (j^-^-O-^) 

to be applied to Bod-velocities, upon (nnpublished) information supplied by the 
Author of the Lowell Experiments. The Mississippi Writers are evidently (p. 809 
ihidem) convinced of the propriety of some co-efficient* of reduction. 

1 6b. Jihint Experts, (Yerslag aan den Koning,t by Heemakerk, 1876).— It is 
herein stated (p. 192 of above) — 

"In 1878, Discharges of the five branches of the upper Bhine were taken with 
Krayenhoff s staves : in the autumn Woltmann's meter was nsed. The results ob- 
tained in 1878 gave reason to conclude that the staves furnish data deviating widely 
from the indications obtained by the Woltmann meter which they exceed." 

Again, it appears from (p. 198, t^.)^^ ^® Krayenhoff's staves were not consider- 
ed trustworthy, but the details are not given on which either of these Conclnsioos 
were arrived at 

* The evident at this oo-<ad<nt (which is oae of rtimcHon) fe not kaowa to the Authsri 
i TUi reteeaoe wis kindly mppUed (witb tnnslsfclon) by Ifr. B. Ocrdoa. 



CHAPTER XVI. 
THEORY OP ROD-MOTION. 

Prefae«,'-Th^» Chapter oontalns a mathematical inTestigatlon of the Theory of Bod*Motioi« 
The reader who is not interested in the ma t hwn wft foa l details shonld read only Art. 1, 10, 11, If, 
which contain the practical Besnlts. 

1. Bod-Motion, Fundamental Equation. — The following is an invesii- 
gation* of the qaestion of the actual Rod-yelocity (u), i.e., of the real 
velocity of a long Rod after attaining the state of relative equilibrium with 
the current, after which of course the Total Forces of Acceleration (F) 
and Retardation (R) acting on it must be balanced, leading to the 
fundamental Equation, (compare Ch. XY, 8) — 

F + R = 0, (1), 

from which sole equation it is proposed to determine the Rod-relocity (u)* 

2. Notfttion, (^L LII). — The investigation being a somewhat complex one, 
it is well to take snch axes of reference as will lead to simple expressions. For this 
reason the line (a A) of maximnm velocity, and a vertical line through the vertex (A) 
of the carve, will be taken as co-ordinate axes. 

[Positive ordinates are measnred downwardt from the axis oA, so that upward 
ordinates aAabin Fig. 8, 4, 5 are negative]. 

The foUowing Notation will be used, (letf PL LII}— 

Z = Distance {ah) of surface &B from axis aA, (negative in Fig, 8, 4, 5). 
Z' = Depth of foot I of Rod LZ below aids a A. 
h = Depth of Bod velocity-line cQ below axis aA. 
kz=z „ „ „ „ below surface SB. 

Kq = „ of Mean velocity-line below surface &B. 
- / = „ of immersion of foot / of Bod „ „ 
b = breadth of Bod. 

m s= reciprocal of parameter (I -^^) of velocity-parabola. 
V = velocity (pP) at any distance ap = tt from axis aA. 
t'o = surface-velocity (&B) at distance ai = + Z below axis in Fig, !• 

n 9f n ft = - Z above axis in Pig, S, 4, 6„ 

V = maximum velocity (aA). 

u = velocity (0C) of Rod LI at distance e = h below axis. 
F = Sum of Accelerating Forces on Bod, t.0., on all parts wherein o > tu 
B = Sum of Betardating Forces on Rod, i,e., on all parts wherein « < «• 

S. General Expressions for ^» B.— Now according to the nsnally accepted 
experimental Besnlts on the effect of pressure and friction of a current on a email 

• The inveatlgatioii in this Chapter it now pnhliBhed (it is heliered) for the flirt time. Meet of 
the m et b e m at i cel work has been verlfledby Lieut. J. H. C. Httzifon, KJB.: the nnmedcia details 
have all been verified bj a good conpoter^ 
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parHan (of height 1^2) of a ^lindric Rod (of diameter h) immeraed in it, the combined* 
Resnltant Preesare and Friction on it are proportional to the area directly exposed 
{whiU) and to the square of the relative Telocity (v - v) or (tc - 9) of the Rod itsdf (v) 
and of the current («) at the part in question, ».e^ 

Resultant Force on small Y Acceleration = ^ (« - «)* Idt, when v > u,,.^,(2a), 
segment vhdt is i Retardation = - ^ (tc - p)* bdtf when tc > v,....m(2&), 

where /i is a constant depending on the nature of the surface of the Rod. 

Hence the Resultant Force on a fimte segment of length (a* h) (i^., lying be* 
tween the limits c = a, s :=^ i) of such a Rod is— 

_ , ^ f Acceleration,F z=fahi (p-'u)* dg. when v>u, (8a\ 

Resultant Force on se^-j e/ m ^ ' ' '^ ^ 

mentfrom«s=atos=iis ] gUt 

[ Retardation, R = /xi# (w-o)'(f«,whentf >V9 (8^), 

or adopting the abbreTiation / (v- »)* tfc = ^ («), ^ (4> 

Acceleration, F = /i& • [0 (0 ~ (^)]> '^^^^ v>u throughout, (5a). 

Retardation, R = -fiS . [0 (6}-# (a)], when tc>o throughout....... (5i). 

It remains to apply these general expressions to the Telocity-cuzre. To give the 
inrestigation a high degree of generality, it will only be assumed at this stage (from 
the results of experiment, see Ch. X, 8) that— 

*< The Average Velocity-Curve is everywhere oonvex down«6tream ",... (6), 

ie., of the general figure shown on PI. UL 

Several principal cases occur according as the maximum velocity-line aK (PL HI) 
is above, in, or below the surface ; and when below the surface there are three principal 
cases according as the Rod«velocity (tt) is less than, equal to, or greater than, the 
Sur&ice-velocity (Vq). These Cases are shown separately in Fig, 1 — 5 of PI. UI ; 
the Rod itself is shown by the thick line LZ, its head being L and foot I in each 
case, so that cC represents the Rod-velocity («). 

The following Table shows the values of the Resultant Forces of Acceleration (F) 
and Retardation (R) for each Case :— 






Poaltion of 
Max. Velodty-Linei 



AoodenUilon (F) and BetardoUon (B). 



Seg- 
ment. 



Limita of a. 



Taluea of F, S. 



i 


1 


ii 


2 


iu 


8 


iv 


4 


v 


5 



Above surface^ « < Vo 
In surface^ Z = 

Below surface, « < «o 
Below surface, « = Oo 
Below surface, « > v^ 



LC 

LO 
0/ 

LO 
C/ 

LO 
0/ 

CO 

LO' 

&0/ 



A, Z' 

0, k 
A, Z' 

-Z, h 
h,Z' 

Z=-A,il 
A, Z' 

-h,h 
-Z,-A 
&A,Z' 



F 
R 

F 
R 

F 
R 

F 
R 

F 
R 



= M^r^(A)-0(Z)1 
= -/i«l^(ZO-f (i)] 

=-/iH#(ZO-#(A)] 

=m6|:#(*)-^(-z)] 

= MAr0(A)-f(-A)] 
=-M5[0(Z')-f(A)l 

= f»H«(A)-#(-A)] 
=-;iiU(-A)-f(.2) 
-,a[0(ZO-^(A) 



I 



(7a). 
(76). 
(7c). 

(7«). 



* Bet RuUiiVt*'lUiuulot Applied ICwbuia" (itn),Art. K% tor lUmlt. M to | I WM » 
rad Foncekt's " InttodncUon i la Micoilqoe IndaiMeUe " (1844), Art W, ZU tor Boolto ii to 
txMiknk, 

2 I 
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4. General E^oatioilB.'^ii^titating these ralaes of F, B into the fondft- 
mental equation F+ B = 0, the following lesnlt aa the equations of uniform motion 
in the fire cases, (after dirision by fih, and re-arrangement). 

Case I 2^{A)-f (Z')- ^(Z)=0, (8o). 

Cote it 2f (A)-^(Z')- ^(0) = 0, (8*). 

Caseiil 2f(*)-#(Z')- f (-Z) = 0, .• ^ (8c). 

Case iy. 2f (A)-^ (Z*)- f (-A) = 0, ^.(84). 

Case V. 2f (A)-# (Z')-2f (-A) + ^(-Z)=0, (8«). 

Theie are some other Cases (varieties of Case v) arising only in the use of Short 
Bods for a special purpose, viz., when the maximum yelocity-line is deep seated, and 
the Bod is too short to dip below the leyel cC. These cases are of little practical 
interest, as in practical use, the Bods would only be used nearly reaching the Bed. 

The first two terms of the aboye fiye equations are identical. The first four equa- 
tions may obviously be included under a single form, either (8a) or (8c) by simply 
Tarying Z ; nmilarly £q. (Se) merges into (8i) when Z = A. Thus there are two 
general types, viz., £q. (8a) or (8c) and (8c) separated by the critical form (8<0>into 
which they both merge when Z = A. 

5. Velocity-Parabola.— The preceding Besults are perfectly general^ i. c, they 
are independent of any hypothesis as to the figure of the Average yelocity•C^urve 
(except that it is assumed convex). To produce any definite solution^ t. c, to enable 
tiie integration denoted by the symbol f to be performed, some geometrical figure 
must be assigned for the Velocity-Curve, and in accordance with the Besults of 
Ch. XI, 7 it wiU be assumed to be a common parabola. 

Beferred to the axes chosen, the equation of this parabola is— < 

V-t» = m««, ^. (9). 

whence, V-ii = «A', and«-« = « (A«-««),.^ ..^ (9a). 

Hence, ^ (0 =y (» - «)' dz = mj^ih* - 2AV + «<) ds, 

= m. (A^«-f AV+} ••) (10). 

Hence also, ^(o) = 0, ^(A)=^mA*, (10«), 

and, in general, ^ (-«) =-# («), (10*). 

[This last property (10ft) is in no way peculiar to the parabola, but is (as may be 
readily shown) common to any symmetric wholly convex figure J. 

6. Practical Limits.— As a preliminary stop, and to confine the investigation 
within due bounds, it is necessaiy to assign some limits to the variation of position 
of the parabola-axis (defined by Z), upon which the position of the Bod-velocity 
line (defined by A) will be found to depend. It will be assumed aa known Jhm Ih> 
perimmt that (see Tab. 3, 4)— 

** The elevation of the maximnm velocity-line above the surface is not known 

to exceed the full depth (H) of water", (11a). 

" The depression of the maximnm velocity-line below the surface is not known 

toexceed the half depth (H) of water", , ., (115), 

or in symbols — 

Case i. A»is alovs surface, Z not > H, or not > |Z', (12a). 

Case v. Ams lelow surface, Z not > |H, or not > Z', (12&). 

7. Parabolic Equations.— ^trodudng the values of f (s), f (A), &c, from Eq. 
(10—105) into the general equations (8a— c) and attending to the limits of Z in each 
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case, th«e equtioiu take the following^ special forms (after redaction and arrange- 
ment) dae to the parabolic figore of cnrve. A aizth Case has been added correspond- 
ing to the lowest (mid-depth) position of the axis to complete the scheme. 



Gao. 



Umftg 
QtZ. 



PanboUo Bqoattonfl. 
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1 


irtoo 


ii 


z=o 


iii 


Otoh 


It 


Z^h 


T 


AtoZ' 


Ti 


ZsZ' 



Solution 
[Yalae of A — 2S^. 
__§B«Art.8, ». 



Bflnlt. 



16A»-15 (Z'+Z) V+10(Z'+Z») A^-S (Z'»+ZO = 
1 W - ISZh* + 10 Z' A« - 8 Z** =0 

lW-15 (Z'-Z) A*+10 (Z«-Z») *•- 8 (Z'»- Z») = 
24A»-16Z'A*+ 10 Z' A«-8 Z« =0 

82A»-16 (Z'+Z) A«+ 10 (Z'»+Z») A»-8 (Z'»+Z*) = 
16*»- 16Z'A*+ 10 Z"*'- 8 Z» B 



depends on Z 4- Z^ 

•6106 
depends on Z-T-Z' 

•5616 
depends on Z-f-Z* 

•6106 



(18a). 

(18*). 
il8c). 
(194). 

(18*X 
(IV). 



The equations are seen to be all homogeneons, and therefore suffice (except for 
algebraic difficulties) for determining either of the ratios A -^ Z, A -^ Z' in terms 
of the ratio Z -^ Z'. 

This diows that— 
"The rdatire position of the Bod-yelocity-line (defined bj the ratios Jl -r- Z, 

A -7- Z*) depends onlj on the relatire position of the max. Telocity-line (defined 

bj Z -^ ZO", (14). 

This is of coarse analogons to the similar property of the Mean Velocify Line, 
(Crh. XIV, 9d,(87a)). As before remarked, the Eqaationa fall under tmo tjpes, yis , 
(18e), (I80), all the rest being obtainable from these two by simple yariation of Z ; 
these distinct fypes being separated by the critical form (18^ into which both merge 
when Z = ^ It is worth remarking also that the final form (when Z = Z') is the 
same as the form giTen by Z = 0. 

8. 8olation.*-As a preliminary to practical solntbn, it is oonrenient to divide 
the equations through by Z**, upon which they appear as equations giving the ratio 
A-^ Z* in terms of the ratio Z -^ Z*. The equations being of fifth degree in both 
ratios, it is impouihle to Ulve i\em in a geiurai wMnner, so as to exhibit the yalna 
of the ratio A -^ Z' in terms of the ratio Z -7- Z'. But definite numerieal solutions 
may be obtained for any given numerioai valnea* of the ratio Z-^Z', and this will 
serve equally well for all practical purposes. 
It may be shown* by the Theory of Equations that— within the assigned limits 

ofZ- 

** All the equations have one, and only one positive root", -(15a)t 

** That root (value of A -^ 2P) lies between and+ 1 ", ..(16A), 

the physical w»^ning of which is that below the maximum velocity-line there is a 
single stream-line in which the velocity is equal to the Bod-velodty, a Result which 
is otherwise obvious from physical considerations. 

The solution of the three Gases ii, iv, vi in which definite numerical valnes are 
asngned to Z may be shown* to be A -7- Z* = "6106, '5615, *6106 respectively as given 
in Table above. 

* 5«e any Work on the Theory of EqaaUons. The nnmerical detail Involved in the pnees {g m 
heavy that It if not given here ; soffloe to say, that it has been carefnlly checked by a computer. 
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9i P&AOTioAL SoLunoH. — It remains to tiansfonn the solaiion jost 
fonnd 60 as to exhibit the depth (k) of the Rod-yelodty below the sur- 
face (instead of the depth (A) below the axis of the cnrre as giyen by 
above), as more convenient for practical purposes, and to compare this 
with the depth (h^) of the Mean Velocity below the surface. For this 
purpose it will obviously suffice to compute the ratio ib -7- 2, and compare 
it with the ratio h^ -r- H. 

Observing that in forming the ezpressioDS (7a — e) the algebraic signs dt hare 
already been attached to the qnantities A, Z when meatured upwardif it is dear that 
the qnantities h, Z, in the resnlting equations (8a — e), (13a-/) are to be reekaned 
posiUvef so that — 

*=Z + A, /cr Z + Z', (I6a), 



whendD| 



/ ""Z + Z" 



^ k Z+A 

*°*T=zTz"' 



.(165). 



Hence the values of Z -4- 2, it -^ { for the three definite Cases ii, It, tI of Art 7, 
are as shown below : the values oth^-r-l have been fonnd hj making H = 2 in the 
Besults of Ch. XIV, 9d. 



Oue. 


Z-J-Z'. A-i-Z'. Z-5-1. 


i-i-l. 


Ao-r*. 


Diflorenoos 


R«8nlk 






.5615 
14) 


.6106 
•5615 
.6106 




.8596 

.5 


.6106 
.7192 
•8058 


.577 
.661 
.789 


.034 
.038 
.016 


(17ft). 
(I7rf). 
(17/). 



The two Columns A -7- 2, A^ -~ / of the Table show the relati?e depths of the Bod- 
velodty (viz., i-^l) and Mean Telocity (viz.^ h^ -4- corresponding to the three 
relatiye depths of the maximum yelocity-line (tIz., Z -r of Cases ii, iv, Ti, (viz., 
Z-T-^=0, .3596, .5). It win be seen that it -2- 2 > A^ -r- Hn each of these three 
cases. And from the eantinuity of the eoepreuioni in £q. (13a — f), (each passing 
into the next by variation of Z as shown in Art 7,) it follows that this property is 
generally true, vis. — 

'** The ratio k ^l > Aq 4- / (within the limits of Z assigned) by a few hun- 
dredths, not exceeding .04'', .« (18a). 

10. Practical Resalts. — The last Result may be thus expressed — 

** The Rod velocity-line is— within the limits of practice (Art 6)— always tome' 
¥ihat more deeply eeated than the line of Mean Velocity past the immersed portion 
of the Bod", (18*), 

This shows at once, attending to the figure of the Vertical Velocity- 
Curve, that — 

*' The Rod-velocity is — ^within the limits of practice (Art. 6)-*always somewhat 
leu than the Mean Vclocify past the immersed portion (LO of the Rod ",.... (18c). 
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' From the above the foUowiiig important practical inference may be 
at once drawn :— 

« The depth of immersioiiCO of a Bod ahould be^for mere accnracjof mea- 
Mxement of Mean Veloeity past a Tertical^decidedlj less than the foil depth (H) 
on that vertical ",......•••••••••••#••••• ...• , (19), 

Inasmuch as the practical use of a Bod necessarily entails this yeiy 
same state of things (viz., depth of immersion < fall depth), the above 
cannot faQ to be regarded as a most important practical Besnlt, inas- 
much as it removes what has hitherto been always supposed to be a 
serious objection to the use of Bods on the score* of accuracy. 

11. Proper Bod-Lengths— To give the above Besult its full practical 
value, it would be desirable to show— if possible— what length of Bod (I) 
should be used in a given depth (H) of water. Unfortunately the nature 
of the case does not admit of this being done definitively^ inasmuch as 
tke ratios ib -f- 2, A^ -f- /, £ •f- A^ are not constant, but depend on the 
relative depth (Z -f- Q of the maximum velocity, a ratio which is both 
variable and unknown a priori. 

But the desired Besult may be obtained sufficiently nearly for most 
practical purposes as follows :-— 

IVir Eq, (85) of Ch. XTV gives h^ in terms of Z and H ; also the acoorate use of 
the Rods requires that the length of Rod (0 shonld be snch that the Bod-velocity 
and Mean Velodij-lines shonld coincide, or A = h^ Snbstitnting this Talne {k=:h^ 
into the Besnlt preceding Eq. (85) of C^h. XIV, then resnlts— 

il*-2Z*= IH«-ZH, ^..^ (20). 

Thismay be written,! (*/-2?.*} .^ + |.^ = J (20.). 

This is the final equation from which the valae of < -7- H may be f oond when the 
Tslnes of ib-r 2 are known for given values oit e-^U The values of ^-7- 2 resulting 
from solution of this equation for the 8 values of s-r / found in Art 9, are shown 
below— 



Oon. 


Zt-I. 


h-^l. 


l-rH. 


Z-rH. 


orAo-rH. 


BCAllt. 






•85d6 
•5 


•6106 
•7192 
•8058 


•945 
•927 
•960 



•883 
•475 


•577 
•667 
•765 


(21}). 

(«liO. 
(21/). 



The relative depths of the maximum velocity-line (via., Z-^ H), and of the coinci- 
dent Bod-vebdly and Mean velocity-lines (viz., A-HH and A^ -^ H) are also shown 

• It having been satipoaed hitherto (mc Ch. ZV, lib) that a Bod only elighUy shorter than 
the tnU deirtOi oaoeKUily moved firtor than the Mean Velodtor pact Uw Tertioal. 
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in the two IflBt colammi : the farmer (Z-^ H) was found by mnltiplTiiig the known 
Z J 

aigiimento£ ''oontinnity" of the algebraic ezpreesions already used in Art 9 it 

eqnaUj foUowB here that the ratios / -J. H, Z -i. H, * -i. H wiU yaiy continnonsly/ 
Thufl it appears that— - 

« The proper length of Rod should yaiy from •946 to -927 of the full depth as 
the m a yimnm yelodtj-line sinks from the surface to i-depth, and from «927 to 
•950 of the full depth as the maximum velocity-line sinks from i-depth to about 
mid-depth", ^ ^^^ 

The yariation from *950 to -927 is so slight, that for all practioi^I par- 
poses it will probably be a snfiScient approximation to use an average 
yalae say *94, in all cases, thus — 

« Theproper length of Bod is approximately *94 of the full depth of water",(82}). 
And seeing that the depth of the maximum Telodty-line upon which 
this ratio depends is miknown apriarif the approximate canatancy there- 
of (within the limits of practice. Art. 6), is an important practical Besnlt 
as remoying any uncertainty as to the proper length of Bod. 

[Itmaybe objected that no practical use has been made of the above Results 
(SSn, Q in .these Experiments, (the Rods used having been made up in Sets of fixed 
lengtiis, Ch. XV, 6). Unfortunately the possibility of bringing this investigation 
(which is believed to be quite new) to a successful issue, only occurred to the Author 
after the closure of the Field-work. It is, moreover, doubtful whether practical con- 
venience would admit of frequently adjusting the Rod-lengths to a variable depth of 
water, as required by Results (22a, }}. Rods of fixed lengths varying by small it^ 
eremenU would be more convenient for practical use, and would probably meet the 
requirements of Results (22a, I) sufftcientiy for practical purposes if the increments 
were small enough (say 8^)]. 

12. Eemlta true an the average.^^The whole of the nnmerical Besnlta 
of this Chapter depend upon the approximately parabolic figore (now 
generally admitted) of the Ayerage Vertical Velocity-OarYe, and are 
therefore so far only ehoum true as Average BeeuUSf and cannot be ex- 
pected to obtain in single Telocity-measorements : bat in repeated velo- 
dty-measarements they may be aooepted with confidence* 
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CHAPTER XVII. 



TRANSVERSE VELOCITY-CURVES. 

/VC/taM.— Thii Ohftpter oonftalns fall details of the Bxperimeste (Art. 1—7) for tndxig the dgttv 
of the Tranflvene Yeloei^-OniTei with detailed dieowMlmi of their chief properties (Art. 8— 15)« 
The most important Articles are Art* I —3, 5, 6, th, 6c, 8— 9bk IS, 18, 14b, 15. 

1. TransYerse Velocity-Corves.— The meaning of this term has been 
defined (Ch. I, 9) a^— 

"Carres whoee ordinatea are the ' forward Telodtiee ' at all points of a Trans- 
terse Base Line in a cross-section ". 

The importanoe of these Onryes to both Theory and Practice has already 
been explained in Ch, I, 10. Mach and continnons Experiment was 
accordingly deroted to this research. The Carres stndied were—* 

1", Surface Veheity- ChuveB, at the Sol&nf Aqaedact and Embankt (Minor) Sites, 

2^, Mid-depth Veloeity^unte»t at the SoUnl Bight Aqueduct Sit^ 

8", Bed VeUfeity-Curvei, at the Soltof Right Aqueduct Site, 

4®, Mean Veioeiiif'Cwrvee, at all the Sites, (except the Sol&ni Embankment Minor.) 

The three former are probably the most important for Thsobt ; bnt 
the last is so much the most important for Pbactigb, from its gating the 
data for compnting the Cnbic Discharge, (the most important of all the 
Hydranlic Resnlts,) that by far the greater portion of the sysUmatie 
Experiment was dcTOted to it* 

The Experiments were made under yarying conditions of water-lerel 
at each Site as shown in Tables A, B on pp. 248, 249. 

The following is an Abstract of the Tables in qnestion :— 

Bwrfact* Vtloeitp work, 10 Series comprising 109 Sets at 4 Sites, 
Mid-depth-Veloeify work, 2 Series „ 17 Sets at 1 Sit^ 

Bed- V^oeity work, 2 Series „ 7Setsat 1 Site, 

Mean Velocity wwky 100 Series „ 581 Sets at 11 Sites, 

showing that by far the greater part of the time was devoted to the last 
(the most important work). Bnt not only was there far more in quantity 
of the latter work, bnt it was done under much more varied candtUona, 
than any of the others (see Tab* 32) : the work for instance in the Bight 
SoUnf Aqueduct with the Left Aqueduct closed, and also the work aft 
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yeiy low water were solely of this kind ; these conditions being both of 
rare occurrence, and therefore proportionately yalnable when they did 
occur. This is belieyed to be a Collection both larger and under more 
yaried conditions than has eyer before been published. 

2. Instnunents. — The yelocity-measurements were made with the 
following Instruments i-— 

Surface VeUfciHes, BT xi" pino Discs, (Ch. IV, 18.) 
Mid-depth Velocities, If Double-Floats, (Gh. IX, 12b.) 
Bed Velocities, If Double-Floats, (Ch. EX, 12b.) 
Mean Velocities, l" wood KoDS in 1874-76, (Ch. XV, 7a.) 

24" wood Rods in 1875, (Ch. XV, 7b.) 
1* tin Tube-Rods in 1876-79, ((^. XV, 7c.) 
r wood Rods (under V length) in 1876-79, (Ch. XV, 7a). 

3. Mode of research. — llie mode of research employed (explained 
in a general way in Ch. I, 11) was to measure the ''yelocity *' of any 
one kind, yiz., surface-, mid-depth-, bed-, or mean yelocity (past a yerti- 
cal) at many points of the same transversal, e. g., at the centre and 
at many points (from 5 to 10) on either side of the centre, thus giving 
the yalues of many ordinates (from 11 to 21) of each Iransyerse 
Velocity-Curye. 

Tahle A re/erred to in Art. 1. 
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[Ser. 51, 52, and part of 54, 56, 60, were pnbliahed in the 1874-5 Report, (where 
they are nnmbered 5, 6, 8, 7, 3, respectiyely) : they are reprinted now-^with some 
modlficationB (and correction8)--for completenesa' sake]. 
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[Ser. lOJ, 104 were published in the 1874-75 Report, (where they are nranbered 
ISB, 15R retpectiTelj) : they ire reprinted now— with mdh modification* (and car. 
nctioni)— for the sake of completeaeas]. 
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4. SuBsur/aee TramversaU^^'Tht Instrament (the Doable-Float) employed has 
e£ coarse some effect on the Besnlts obtained. It has been explained (Ch. X, 4) 
that the convenient nse of the Doable-Float in large namben does not admit of 
freqaent change of the length of its Connector. In the Mid-depth and Bed Yelocify 
work the length (/) of all the Connectois was accordingly adjusted roughly to the 
half depth (\B), and fall depth (H) for the work of each Series once for all, tix., 
ue Col. g, Tab. XXXII,— 

Mid-depth work, Issfi'in depths ranging from 10'*10 to 9'*86, (Ser» 61.) 

/ ca H\ in a depth of S'-OS, (Ser. 69.) 
Bed tDorkf I ss 10\ in a depth of 10'*00, (Ser. 65.) 

/ = 8', in depths ranging from S'-d^J to 8'*68, (Ser. 66.) 
Moreover, the '* lift " of the Sab-Float caases the yelocity-measorements to be made 
(iee Ch. IX, 8, iy— vi) at a higher level than that indicated by the fall length of the 
Connector. Thos the so-called Mid-depth and Bed Velocity work was really effected 
upon a Transversal prohahly iomewhai above the Mid-dept^ and Bed respectively. 

Fov shortness' sake the terms Mid-depth- and BSD-Transversal, -Velocity, and 
Velocity-Carve will, however, be aaed in what follows, the above reservation being 
understood. 

6. Ordinate-systffliL — ^It is obvioas that, wheB the figure of a carre 

is to be determined from a limited number of ordinates, it is desirable 

that — 

*< The ordinates should be closest together where their change is most rapid '',...(1). 
MoreoTer, as the figure of the bed may be expected to determine the 
figure of the Yelocity-cur?e, and as eYery marked chauge in the figure of 
the bed may therefore be expected to affect the figure of the Yelocity- 
curYC, the ordinate-spacing should be such as to exhibit the relation 
i! any. 

Artificial channels also are generally of following character :— « 
1% of roughly symmetric cross-sectioii. 

2", with a roaghly level bed of great width (compared with depth of channel). 
8*, with (roaghly 'speaking) only two abrnpt changes of figare in the contoor 

of the bed, vis., at the foot of each bank. 
4^, with steep banks. 

These features may be expected to (and indeed do) produce correspond- 
ing features in the TransYerse Velocity- CurYCS, Yiz.-— 
1", a certain amonnt of symmetry. 
2^, flatness (of carve) over the level bed. 
8^, a marked change abont the foot of each bank. 
4^, rapid change over the steep banks. 

To bring out these features, it seems desirable that the ordinatenspacing 

should be— 

1^, symmetrical abont the central liae of the bed. 
2®, wide spaced over the level bed. 
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S^y doner spaced with approach to the banks, and with gne tnrdmate at the foot 

of each bank. 
4% closest spaced nearest the edge. 
6a. Calculation requirements. — One of the objects of the research being 

the calculation of the Cross-Section Areas, and also of the superficial Dis- 
charges past the several Transversals, and of the Cubic Discharge, (the 
two latter measured by the Velocity-Curve Area and Yeloci^-Surface 
Yolume respectively,) it is convenient to divide the Transversals into 
scTeral primary segments, within which severally the ordinates shall be 
spaced at equal distances, (because the approximation-formulfe to be used 
require equidistant ordinates). These primary divisions of the Trans- 
yersal will for shortness be oalled Spaces, and the equal sub-divisions of 
the Spaces will for shortness be called Sub-spaces. 

Of the available formulsB, moreover — viz., (see Ch. XIII, 2a) the Trape- 
zoidal, Paraholic (Simson's), Cubic and Sextic (Weddle's) — the Trape- 
zoidal being the least accurate, it is desirable to adopt a mode of sub- 
division snitable for the three latter, t. e. — 

" The Spaces shonld he subdivided into a number (n) of equal Sub-spaces, 

which is a multiple of 2, 8, or 6", «.....- (2). 

Practical conyenience of calculation also requires that the Spaces and 
Sub-spaees should be multiples or convenient fractions of 10 feet in wide 
channels, or of 1 foot in narrow channels. 

6b. Float-Courses. — It will be understood that the Float-Courses 
themselves (marked in the Field by the Lines of Pendants) are the divi- 
sion-lines between the yarious Sub-spaces, so that the yelocity-measure- 

ments therein become the yelocity-ordinates of the Curves. 

So. Gaussian 8paeiH0.-^t is to be remarked that the equiciiBtinil spacing is 
not the snb-diyisiott best suited for the purpose of Area- and Discharge-computations. 
Were these the only results sought, the spacing proposed by the mathematician 
Qauss shonld be adopted. This gires about the same degree of approximation* 
with use of only n ordinates as is obtained by the nse of 2ii equidistant ordinates. 
But the spacing is inconreuient if the figure of the Curve is one of the objects of 
inyestigation, as the abscissa (y) are all inconvenient fractions of the bieadth (5) of 
a space* It was accordingly not adopted in these Experiments. 

It may be worth while quoting f the Qausslan Formulfe for use in any case where 
great accuracy of computation is desired : the middle line is taken as axis (y = 0> 
Let h = breadth of whole space whose Area is required, 
v^ es velocity at distance (± y) £rom middle line of the space. 

n SB number of Telocity-ordinates, (excluding those at the edges.) 

fi*f 1 as number of sub*space8 in the width b. 

* Tbdhuntei^i Trefttiae <m Laptaiee'a^ IsmA't and Bend's Fonctloni, (1875), Art. 1SS, ISS. 
t Same Work, Art. 116. 
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4 
5 
6 

7 



»«.J. 



{y\ (»-.J87b+ »+.«7b) + f »o} • *• 

{•174 (»-.43ib+l?+.4iib) + -826 (»-,i7ob+»+.i7pb)} • >• 

{•118 (i?-M58b + r+^3b) + '239 (»..a»b + i?+.aaBb) + '284 V^] .h. 

{ -086 (»-.4fl8b + I'+^b) + "180 (»-.33ib + »+.a.ib) + '284 (»-.i, jb + »+.ii«b) } • h. 

{ •065(»^5b+ r+^74b) + -140 (r-.„ib+ r+.^ib) + -191 (i7-.2Mb+ r+.SMb) + -209 To} . J. 



6. Present Work, Spacing, Abstr. Tab. n, & Pi. xxvi—xll— in Ac 

present Experiments — which were all in Canals (of figure described in Art. 5), with 
tolerably symmetric cross-section, and with a tolerably level bed of considerable width 
(compared with the depth of channel) and with steep banks — the arrangement of the 
Float-conrses was always symmetric abont a central Float-course oyer the centre line 
of the bed, and at Sites with sloping or stepped banks there was always one Float- 
Course over or near the foot of each bank. 

The details differed somewhat for the wide Channels and Distributaries, being much 
simpler for the latter. 

6a, Distributaries, (Tab. H^ & PL XLI).— A few Experiments only (16 in 
all) were made in these, solely with the view of obtaining a Discharge-measurement. 
A comparatively simple division was therefore thought sufficient (see Tab. H). The 
Central Space occupied the greater part of the width, and was sub-divided into 10 or 
12 equal Sub-spaces (so as to admit of use of Simson's or Weddle's Rules) by the 
Float-courses. The Side-spaces occupied the narrow spaces left near and over the 
Side- slopes : no attempt was made to sub-divide these. 

6b. Wide Channels, (Tab. H, & PI. XXVI— XL).— The primary division of 
the Transversal was into either 5 or 7 unequal primary Spaces, which will be called 
for shortness the Centre Space, and the Inteb^ and Side-Spaces (to right and 
left respectively) ; the two former were each sub-divided into a certain number (») 
of equal Sub-spaces, n being always a multiple of 2, 3, or & 

The Centre-Space, which was much the widest, was sub-divided into 6 or 8 equal 
Sub-spaces, (so as to admit of use of Weddle's or Simson's Rules.) 

The Inter-Spaces were sub-divided into 2, 3, or 4 equal Sub-spaces, (so as to admit 
of the use of Simson's or the Cubic Rules.) 

It will be seen that the Float-courses marking the division-lines within these (the 
Centre- and two Inter-) Spaces were always at fixed poinU^ iA, at constant distances 
(say ± y) from the centre, in each Site. 

6c, Side-Spaces, (Wide Channels).— With one or two exceptions (noted below, 
in which no sub-division was attempted) these were sub-divided variously according 
to the different circumstances of each Site, (the details are seen at a glance in 
Tab. 11,) but always with a view to sub-division into 2 or 3 equal or nearly equal 
Sub-spaces, (so as to admit of the use of Simson's or the Cubic Rules,) and in some 
cases the outer Sub-space was again bisected, (as at q, PI. XXY.) 
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6d. Stepped and Sloping Banks, — In Sites with stepped or sloping banks the 
surface-width, and therefore also the width of the Side-spaces, yaried with the vary- 
ing watei^leyeL In these cases the Float-conrses at the middle (m), and quarter (q) 
of the Side-spaces (PL XXV) varied also in position ; for the sake of distinctness 
these Float-conrses, and the points, pendants, depths and velocities coiresponding 
will be distingnished by the letters m and q respectively through all the Tables, 
Plates and Text in which they appear. 

[£jr. — This case occurs at the Sol&nf Embankment Main Site, and in most of the 
earthen channels, see Tab. H, & PI. XXV]. 

6e. Vertical Banka.^ln Sites with vertical banks (or with banks which were 
vertical or nearly so throughout the range of water-level occurring) the Float-courses 
in the Side-spaces were conveniently placed at fixed points. 

|.J^.— This case occurs at the 15th Mile Old Site (PI. XXXVII), Solinf Embank- 
ment Minor Sites (PI. XXVIII), and also Main Site at low water (PI. XXXVI), and 
in the Sol&ni Twin Aqueducts (PI. XXVI, XXVn, & XXIX— XXXIH) ; or see 
Tab. 11 for all Sites]. 
6f, Special Cases.— These are two in number :— 

1^ Snldni Twin Aqueducts, The 8' corbelling of the footways on the two outer 
banks (PI. U, 4) prevented any velocity -measurements whatever being made within 
8' of the outer walls : they were made as close to the edge of the corbelling as pos- 
sible, and are figured in the Tables and Plates as if made at 89|' from the centre^ 
(i.tf., at the very edge of the corbelling, or 3' from the vertical wall) 

2^. Soldni Embankment Sites, The Float-course spacing in the case of the Minor 
Sites (surface velocity work only), and also in the case of the Main Site at low water 
<no steps immersed), is sufficiently explained in Art. 6e, and Tab. H. 

But in the more important case of Mean Velocity work at the Main Site at high 
water (water surface above lowest step), it was thought desirable to trace the effect of 
the great variation in depth from step to step, and also of the abrupt break in the 
wet contour of the bed caused by the 4' drop-wall (PL II, 2) with some care. With 
this view whenever the water covered any steps, the Float-courses in the Side-spaces 
were arranged as follows, (see PI. XXV)— 

One at 744' on either side of the centre, ie., 6" within the drop-wall. 

« 

One at 75)' on either side of the centre, i.^., over middle of lowest step. 
One over centre of top immersed step, (if more than one step was immersed.) 
One half way between the two last, (if more than two steps were immersed) : 
this is the m-point 
One half way between the two last, (if more than three steps were immersed) : 
' this is the ^-point 

[The Rods used were of course of lengths suited to the depths over the several 
steps : those over the top immersed step were the small series under I' length (Art 
2) ; in very shallow water surface-floats had to be nsedl. 

Thus there were 1, 2, 8, or 4 distinct velocity-ordinates obtained over each Flight 
of Steps according as only 1, 2, 3, or more than 3 Steps were immersed of either 
Flight These arrangements will be clear from PL XXV. 

|.The Treads of the Steps on the right bank were somewhat lower (about 'IS*) 
than the corresponding Treads on the left bank, so that it often happened that more 
steps were inmiersed on the right than on the left bank, see Ser. 151, 154, 156, 159, 

leo, PL XXXIV, XXXV]. 
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?• Fi^ld-WOrkrf-^Thd mod« and order of the Field-work has ftlreajy 

been explained in Ch. VI, 12— 12b, q.v. 
The velocitj-meaBnremextts were done as nearly in the order there explained, vis., 
^3 at point nearest left bank, 3 at next point, 3 at next point, and so on in sne- 
ceasioB, ending with the point nearest right bank,*' — 
as was compatible with practical conyenience. Slight modifications of two kiada 
were admitted--* 

1^ It frequently happened — in conseqnence of the Unsteady Afotion of the 

water'-that' Floats arrived at the Upper Rope close to Pendants ont of the 

proper order above given. This happened veiy often near the banks where 

the Float-Coorses were closest together. The actual practice was to record 

the passage of any Float that passed <*in fair course " in any Float-Course 

even if ** ont of turn " ; (provided ci course that the Float in use was a 

suitable one for the Float^course in question). 

2°. In using RODS in channels with uneven bed, the length of Rod required 

for each Float-Course depends on the Average Depth therein. When 

the whole available stock of any particular length of Rod had been cast 

from the Upper Boat» the custom was (if at a distance from the banks) to 

pass on to the next nearest Float-Course in turn, for which Rods of suitable 

length were available in the Upper Boat : so that the Boats were sent to 

bank for exchange of Rods as seldom as possible when at work at a distance 

from bankb 

Much time was saved by both these practices* To carry ont the first well, a good 

deal of care and iduU is necessary on the part of both Caller and Timekeeper $ as it 

would often happen that several Floats would arrive at the Upper Rope nearly to* 

gether, but in different irloat^imreee ; so that they had to be recorded in different 

lines of the Field-book, (Ch. IV, 88, & Tab. SS ) 

8. Tabnlation, Series, (Tab. xxix-Lvn, and 18-.18>-Tabies xxix 

— LYII contain the whole of the Details connected with the Transverse Velocity* 
Curves. 

The mode and order of tabulation of the Sktb, and the combinations used in form- 
ing them into SsfiiBS, hare been explained in Ch» Vl, 12c, 13a, q,v. These Articles 
include also the explanation of most of the Columns of these Tables containing the 
Observation-Data, {see also pp. 57, 67 of the Tables.) The explanation of the Fall 
of Water-Surface Column (No. g) will be found in Chap. Vll, 9a. The explana- 
tion of the Result-Columns will be given in due course. 

To save unnecessary looking over details, Abstracts have been prepared (Tabt IJ— 
18) showing the Ubaks and Ranges of the Results for each Series. 

9. Average Transverse Velocity-Curvefl, (PL XXVI— XLI).— The 

Plates show the Mean Resdts from the Detailed Tables (X21IX— LYII). 
Each Plate contains one or more AvsaAGB Caosb-Sbotiokb of the 
Site at the foot, and sereral Diagrams of AvflRAOS YiBLociTT-CaBVBs 
above. 

9a» CroeeSeeiiatu.—'Eaxii Diagram showsone or more AvBR^oa Caoss-SBcnoira 
o£ the bed and banks (as explained in Ch. V, 14— 14b) at the Bite, with the level of the 



two B<^>eB shown by the (upper) dotted llxie, on which the poeitione <^ the FIoat^oaxMS 
•le shown (by short Teriicals), and their distances from the centre also figured* Two 
water-leyels— the highest and lowest of the Plate— are also shown on eacK 

The position and depth of immersion of the Double-Floats, or Uods used, ate also 
indicated by the vertical lines drawn down from the upper water-surface : in fact 
these verticals may be looked on as pictorial r^pruentatiom of ih€ luitruments 
Qsed. 

The Oross-Sections in the wide channels are all on scale of 25 feet to an inch, 
and in the Distribntaries, (PL XLI,) on the scale of 10 feet to an inch. 

9b« Felooity-Curvei. — Each Diagram shows the Average Velocity-measurements 
at the several points indicated on the Cross-Section in clear black lines plotted as 
ordinates from the Base-Transversal, close to which the Average Velocity-measure- 
ments themselves (taken from line v of the Detailed Tables) are figured. 

The tips of the velocity-ordinates are joined by clear straight lines : the irregular 
line so formed is the Ayeraqe Tbanbyebse Velocitt-Cubye given by the data ; 
the junction lines being all straight, the irregularities in the Observation-Curve are 
clearly exhibited, without the introduction of any bias of the draughtsman's hand 
(which inevitably results when free-hand curves are drawn). 

Mean Velocity Line. — ^The Mean Velocity peculiar to each sort of Curve, via.-- 

1«, Mean Surface Velocity, (Uo); 2«, Mean Mid-depth Velocity, (JJ^\ 

8% Mean Bed Velocity (17^); *% Mean (Sectional) Velocity, (V), 

has also been plotted from the Base-Transversal upon the central velocity-ordinate ; 
its tip is indicated by an arrow, and also by a clear line drawn right across the Curve ; 
this Une has an impoctant physical bearing, vis.*- 

Curvee 1^, 2% 8^ The rectangle included between the line in question, the two 
dotted lines at the ends of the Base-Transversal, and the latter line itself, ia equal 
to the Area of the Transversa Velocity-Curve, and measures the (superficial) Dis- 
charge past the TransversaL 
[This is also true for Curve 4^ in a rectangular Cross-Section]. 
Curve 4^. The volume included between the Cross-Section plane and the bed, 
banks, and surface, and a vertical plane through the line in question, is equal to the 
volume of the Velocity-Surface, and measures the Cubic Discharge. 
So. HTDttAULio Elements.— The quantities (A, H, 9, B, A, R, or as many as 
seem requisite) for eadi Curve are figured across it. The lengths of H, B, or of 
Ay H, R (observe that A cs H at the Sol&nf Aqueduct) are also plotted upon a single 
vertical placed a little to one side of the Curve, and drawn upwards from the Base- 
Transversals, (on the same scale as the Cross-section). 

[The two A, H are plotted on the same side of the vertical in question : the order 
of the lettering (as A, H ; or H, A) indicateathe order of magnitude, the lesser being 
placed nearer the Base-lane]. 

Soldni Aqueducts, In both these channels the surface-breadth (h) falls short 
of the full width of the channel (85 *) in very deep and in very shallow water, (fee 
PI, I, 8, and PI. II, 4), via.— 

1**, by the amount of the corbelling when the depth exceeds r*8. 
2^, by the contraction near the bed when the depth falls short of 2'*0. 
In all such cases (PL XXVI, ZZVU, XXIX, XZXI, XXXIQ, the full width 
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(85') ifl shown on the Velocitj-Canres hy the space between the dotted lines, and the 
actnal snrface-breadth (5) is shown (by arrow-marks) on the Base-Transrersal, and 
also figured thereon. 

10. Immersion of Instruments, — This is indicated when necessary on 

the Tables and Plates as follows :-— 

1^ Surface- VelocUies. Immersion trifling : no indication required. 
2®, a**. Mid-depth' and Bed- VeioeitUs, (Tab. XXXH, LVII and PI. XXIX, 
XXX). The length (0 of the (Connector of the Double-Float, i.e., the 
nominal depth of immersion (s) of the Sub-Float, is figured in Col. 2 of the 
Tables, and also shown in the Plates by the lengths of the verticals drawn 
from the water-surface. 
4®. Mean Velocities (past any yertical). The practice in this sort of work was to 
nse in each Float-course the longest possible Rod (of the stock* available), 
so that the Length of Rod was in each Float-course usually only a little 
shorter than the Average Depth along the Float-course. It is therefore 
nnnecertsary to indicate the immersion in detail in the Tables. It is indicated 
sufficiently in the Plates (XXXI^XLI; by the lengths of the verticals which 
are the pictorial representations of the Bods : these are everywhere carried 
down nearly to the bed. 
{^Soldni Twin Aqueducts, At these Sites (the bed being pretty level) Sods of 
same length were used with a few exceptions right across. This length (2) is figured 
both in Col. 2 of Tab. XXXIV— XU, & LVII, and also on each Velocity-Cnrve, 
PL XXXI-XXXIII]. 

11. Velocity-ordinate Exaggeration,-— Th^ Velocity-ordinates throughout all 
these Plates are on scale of 2*5 feet per second to an inch, whilst the Cross-sections 
are on the scales of 25 feet and 10 feet to an inch for the Wide Channels and 
Distributaries respectively. The Cross-section scales of course determine the scale 
of the abscissee, and therefore of the Float-course spacing, on the Base-Transversals. 

Scales of spacing and of velocity are of course not really comparable ; but it is 
dear that— adopting the second as the time-unit — the velocity-ordinates are exagger- 
ated 10 times in the wide Channels, and 4 times in the Distributaries. It will be seen 
therefore at once that all the Curves are very flat except near the banks. 

12. Properties of the Carves. — A general examination of the Carres 
(PI. XXVI — XL I) will show at once the following prominent proper- 
ties—in addition to those (common to all Velocity-Curves) discussed in 
Ob. VI, 15 — from which it will be remembered that in this discussion 
Curves derived from numerous Sets of data are entitled to more weight 
than Curves depending on only a few Sets (in consequence of their 
better approximation to really Average Curves). It will be convenient 
to first simply state these properties shortly all together, and afterwards 
to state the evidence for them. In what follows, Curves on the same 
Transversal will for shortness be styled '< Curves of same kind ", or 

* i^»t of the Set proceeding by whole feet or half feet, (Clit XV, 6.) 
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shortly Likb Curves, and Carres on different Transrersals will be styled 
"Curves of different kind ", or shortly Unlike Curves. 

[The properties detailed are snch as may be supposed characteristic of Average 
Carves, ander the particular conditions set forth : it will commonly happen that no 
single actnal Cnrve will show any one of the properties perfectly ; all that can be ex. 
pected to be seen in the actual Carves are certain prominent tendencitt when certain 
eonditions preponderate, (oonf ased of coarse by the features dae to the less dominant 
conditions)]. 

i. *' The velocity-variation (in anyone cnrye) approximates to the following 
distribution (in the case of a symmetric cross-section with a level or wholly con- 
cave bed, in a long nniform straight Reach), except where modified by the causes 
named below ",.•••• •• ......^. (8). 

<* the maximum velocity near the centre", •• (8a). 

*< a very slow decrease of Telocity from the centre towards both banks ," (fib). 

^ which becomes more rapid with approach to the banks ", (80). 

*'and is very rapid close to the banks",' ^....••••. -.,.,{Zd), 

** the carve is wholly convex down-stream", ......(Stf)* 

** and is symmetric about mid-channel ", •. •'(8/). 

The departures from the above form may be nearly all traced to the two follow- 
ing caoses: — 

L Irregularity of the channel above and below the Site, 
n. Irregolarity of banks and bed at Site, 
iL " Every marked change in the figare of the bed prodnees in general a marked 

effect on the figure of the velocity-curve ",*••••••••..••••••••» ••••••.•••«» (4)« 

This takes effect as follows :— 

** Increase of depth tends to increase of velocity, and viet vend ",..... (4a). 

** The maximum velocity-lines tend to be in the deepest channel (if sufficiently 

far removed from the banks)", (46). 

** A convexity in the bed causes a concavity in the velocity-curve, and vice 

ver»d'\ •. M....... (4c). 

''These effects are usually more marked in shallow water than in deep 

water" (4<0. 

iii. ''Velocity at same point of like Curves increases and decreases eateris 

paribus with rise and fall of water-level ", ....(5). 

iv. " like Curves are similar under similar External Conditions ", (6)* 

V. " like Curves of equal mean velocity are c€Cteris paribuM equally flat as a 

whole", ^ ^ (7). 

vi. " Curves of low velocity are ecsteris paribus flatter than those (of like kind) 

with high velocity ", (8). 

viL " The Flatness of a Curve as a whole does not depend so much on the 
general depth of water as on the Mean Velocity, so that Carves at low water or 

not necessarily flatter than Curves (of like kind) at high water", (9). 

viii. " Vertical banks give rise eateris paribus to flatter curves than stepped or 

sloping banks ", ••.•• (10;. 

ix. " The Carves are flatter eateris paribus at the wider Sites ",. (11). 

2l 
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z. '< Of unlike Carres l^e Sar£aoe-Cnrve is the most ronnded, the Mid-depth 
Carve one of the most protaberant, and the Mean Velocity Canre is one of the 
flattest", (12). 

[The following Articles (12, i— ix) containing the eyidence of these properties 
are nnmbered (for easy reference) with the same nambers (1— iz) as the properties 
themselves]. 

IZf !• Gbnbbal Figubb.— These properties (3a—/) are best exemplified either 
by the case of a level bed, or by the case of deep water at Sites with uneven bed (as 
the nnevenness of the bed tells less in deep water), iee the following : — 
Level Ued, (Solinf Aqnedact,) PL XXVI, XXVU, XXIX— XXXIIL 
Uneven Beds, (Deep water,) PI. XXVUI, XXXIV, XXXV, XXXVU— XL. 

After examining the Carves above quoted (which contain the proof of Resolts 
8—^, the departures (I and II above) from regularity of figure may be discussed. 

L Cha/nnel irregular above and below the Site, There is a very marked departure 
from symmetry of figure (about the central ordinate) in many of the curves in both the 
SoUnf Aqueducts. This is probably mostly due to the peculiarity of the channels 
of approach to and exit from the Twin Aqueducts being of about twice the width of 
the Aqueducts themselves (PI. U, 8), and to the inadequacy of the length (932*) of 
the Aqueducts to establish complete symmetry of motion within themselves. 

Oasb 1^. This is very marked in the exceptional case (PL XXXIII) of the 
closure of the Left Aqueduct, when — apparently in consequence of the very nnsym- 
metric arrangement (PL II, 3) of the channels of approach and exit— most of the 
water entering the Right Aqueduct seems to have been deflected towards the right 
hanif displacing the maximum velocity-line also to the right of the centre. 

Casb 2". (Low water). A precisely simUar feature is also very marked in the 
case of low water (H < 4*) in the Right Aqueduct (PL XXXII, Ser. 123—127) due 
probably to a similar cause, vis., to the presence of the remains of the dams which 
had been used (Oh. m, 12b, c) to close the Left Aqueduct : these would form an 
efficient obstruction (of the Left Aqueduct) at low water, causing as before deflec- 
tion of the water entering the Right Aqueduct towards its right bank. 

Casb 8^ (Deep water). In deep water (H > 4') in both Aqueducts the effect is 
different : the channels of approach and exit being symmetrically placed (PL II, 3) 
with respect to the pair of Aqueducts, the presence of quick water above and below 
the central pier, seems to cause more water to pass along (on either side of) the een^ 
tral pier than passes along (near to) the outer banks, so that the velocities near the 
central pier (in the 30', 32^', 35', 37^', 40' lines) are generally greater than the velo- 
cities at equal distances from the outer banks (in the 30', 82|', 35', 37^', 39|' lines). 
This is well marked throughout PL XXVI, XXVII, XXIX, XXX, XXXU, so long 
as H > 4', the only exceptbn (and that a partial one) being in Ser. 106. 

This leads to a fuller rounding of most of the velocity-curves near the central pier 
than near the outer footways : this effect is possibly enhanced in the case of very deep 
water (H> 9^) by the contraction of waterway near the surface due to the corbelling, 
(see PLXXVI,Ser.53 ; PLXXXI,Ser. 101—103, 108—110). It leads also in most of 
these curves to a displaeetnent of the higher velocities^ and in many cases of the 
actual maximum velocity-line towards the central pier. 

Thus the Velocity-Curves of either Aqueduct are commonly nnsymmetrical curves, 
but the pair of Carves at equal depths in either channel.are taken together tolerably 



ART. 12,i— 12,ii. 259 

lyMsiiertM/ al0Mi the oentrai pier, (jm PL XXVI, XXXI in which the cnrreB are 
arranged in pairs— with nearly same water- lerel— to exhibit this). 

IL Batiks and bed irregular. The effect doe to this is conveniently discnssed as 
part of Property ii, (in next Article). 

12, ii. Velooittf follows depth.— The properties to be discossed are Besnlts Nos, 
(4— 4c0, 9ee Art J 2. 

The Velodty-Oarye woold (by these Resnlts) be apparently wholly convex over 
a bed that was either level or wholly concave. Any convexity in the bed wonld 
cause a corresponding concavity in the velocity-cnrve ; and these effects wonld be 
nsnally more marked in shallow than in deep water (because a variation of depth 
that is considerable in shallow water is of little importance in deep water). 

Three good instances of this, and one remarkable apparent exception (Case 4®, 
iff/hi) occur at the Solini Embankment (Minor and Main) Sites. 

Cabb 1'. Central Depression, In many of the Velocity-Curves (PL XXVI [I, 
XXXIV, XXXV, XXXVI) at these Sites there is a slight but extensive depression 
at and about the centre, giving rise to two lines of maximum velocity at some dis- 
tance on either side of the centre. This feature is quite marked in the Surface 
Velocity-Curve (PL XXVIII) in deep water, is only slightly marked in the mean 
Velocity-Curves (PL XXXIV, XXXV) at high water, and is very prominent in the 
Mean Velocity-Curves (PL XXXVI) at low water. 

This is probably due in part to two causes— • 
(a), to the obstruction of the central Pier of the SoUni Aqueduct in the middle 
of the channel (at a distance of 4769', 8195', 2860' from the Main, Upper 
Minor, and Lower Minor Site respectively). 

(&X ^ ^^ presence of an extensive alight shallow* about mid-channel of each 
Site. 

It seems difficult to separate the effects due to these two causes. The two maxi- 
mum velocity-lines appear to be at about 40' on either side of centre, i^., about 
opposite to the centres of the Twin Aqueducts, and also over the deepest parts of the 
Sites themselves, so that so far both causes seem equally efficient On the other 
hand the greater prominence of this central depression in the curves at low-water 
(PL XXXVI),— a state in which variations of depth are of course more telling — 
certainly points to the latter (variation of depth) as at any rate one very efficient 
cause of the phenomenon. [This confirms Besnlts (46— (f) of Art 12]. 

Casb 2^. Velocities over top steps. A further and very remarkable confirmation 
may be f onnd by comparing the velocities over the top immersed steps of opposite banhs 
throughout Ser. 151 to 166 in the Detailed Tables, or (much more readily) in Abstr. 
Tab. 10^ in which an Abstract of then Resulte is given for ready reference. The 
velocity-meaanremente being made over the centre of the steps in question, might be 
expected eateris paribus to be nearly eqoaL They are, however, conmionly rery 
nneqnaL The explanation of this is that the Steps on the right bank are all about 
*15 of a foot lower than the corresponding Steps on the left bank ; so that as the real 
depth of water over either could not exceed about 9*, and was often veiy small, the 
relative depths on the two steps were often very different. 

* From the imsJlnw of the cro mp c tl on Bcale, this tetere Is not rerj dlatl&ot in PI. ZXTIII, 
bailfewiUbeolwtoatoaicfttriBctotheilgiuciatthisfeotCshowIngBel^itioC btd abovs Datnm). 
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The Table shows that the greater velocity is nsiiallj over that gtep which U the 
mo/re deeply immersed. [This confirms Resnlts (4a, d) of Art. 12]. 

Case. 3^ Rapid change of water-level. In two instances the yelocitj-work was 
done (for a special purpose) whilst the water-level was rapidlj changing, the whole 
change (+ '75, - ^TO) being in each case a oonsiderable fraction of the general depth, 
as shown in Table below. The velocitj-work was begun in both cases from the left 
bank, so that the rapid change of water-level caused changes of depth during the 
velocity-worh as foWowB : — 

Ser. 164, Increase of depth from left bank to right bank. 
Ser. 235, Decrease of depth from left bank to right bank. 

The effect of the rapid changes of depth on the figure of the velocitj-cnrve (eee 
Table) la well seen in the Plates quoted, and confirms the general Result (4a) 
of Art 12. 
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Case 4^ Depression at Steps. In most of the Mean Velocity-Curves of 
Vh XXXIV, XXXV there is a strongly marhed indentation at both the 74/ 
lines, most marked in the curves in deep water (PL XXXIV), gradndly decreas- 
ing as the water-level falls, and disappearing altogether when fewer than 4 steps are 
immersed, (PL XXXV, Ser. 163 to 166.) 

As the Mean Velocity past the 7ik* vertical is in many of these cases actually less 
than that past the adjoining 75^' verticalf this is an apparent exception to both of the 
general rules (Results (4a) & (80 of Art 12 above) that velocity decreases in general 
with decrease of depth, and also with approach to the edge, and therefore merits 
special attention. The cause of the apparent irregularity is no doubt the presence of 
comparatively slack water all along the upright face of the 4' drop-wall, (see Cross- 
Section on either Plate.) 

Thus— in the case of deep water— the velocities at all points above lowest step- 
level on both the 74|' and 75|' verticals are comparatively quick, and not very dissimi- 
lar—because the higher immersed steps, (which form an important part of the resisting 
margin) are at a considerable distance from both verticals : whilst the velocities jMift 
all points below lowett step4evel on the 74}' vertical are comparatively slow» So that 
the Mean Velocity past the 74|' vertical is actually less than that past the 75}' vertical 
in the ease of deep water. 

But, as the water-level falls, this state of things alters : the 75|' vertical being nearer 
the immersed steps than the (upper part of the) 74 1' vertical, the average velocities past 
all pomts of the former are probably always less than past the (upper part of the) 
latter : and this difference between them would increase as the water-level falls 
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(because the zeUtiTe prazimitf of the immened steps to the 74)' yertical becomes 
more important), so that the comparatiye slackness of the lower water on the 74)' 
vertical decreases in relative importance as the water-level falls. 

Thus the anomalous excess of the mean velocity past the 75)' vertical over that 
past the 74 1' vertical (which is well marked in deep water) would decrease as the 
water-level fell, and at last vanish when the water-level fell, so that the mean resistance 
(from the wetted borders) became equal on each of these verticals. Lastly, at lower 
water-levels the Mean Velocity past the 75)' vertical would be in excess (see Fl. XXXY, 
Ser. 163 to 166). 

[For further illustration of the effect of the slack water near the 4' drop-wall, tee 
Fl. XVUI, Ser. 44 to 46]. 

Again, even the Surface Velocity-Curve Fl. XXVm shows (in a slight degree) certain 
effects probably due to the abrupt change of figure (viz., the sudden decrease of depth) 
at 75' on either nde of the centre. The surface-velocities certainly decrease on the 
whole from the two lines of maximum velocity (about 40' on either side of centre) 
outwards, Le,, towards the banks : but the rate of decrease is not continuously increas- 
ing (as might be expected) ; the curve shows a slight indentation at loth the 70' Knei, 
showing the rate of decrease of velocity to be somewhat less between the 70' and 75' 
lines than between the 65' and 70' lines. This would seem to be due to the retarding 
effect of the solid steps, the salient comer of the lowest step of which is actually 
nearer to the icater twrfaoe in each 70' line than the bed immediately below that line, 
causing a somewhat sudden slight increase of resistance which takes effect in a slight 
abnormal decrease of surface-velocity in the 70' line. 

\% iiu Veheitif foUowe water-level cAoh^m.— The property to be dlscossed is 
Result (5)— 

" Velocity at same point of lake Curves increases and decreases eteterii paribus 

with rise or fall of water-level", •«—••••« « (5). 

A general decrease of the velocities of each Curve is obvious in passing from high 
to low water at each Site in all the Flates AJLYl— XLI, but it is by no means certain 
that this is due to the decrease of depth, inasmuch as there are several cases of the 
contrary so strongly marked, that it is dear that decrease of depth doee not necee- 
tarity mvolve general decresse of velocity : — 

Compare Ser. 123 with 194, 125, 126, (Fl. XXXIL) 

Ser. 131, 133 with 138 and vrith 134 to 139, (FL XXXm.) 
Ser. 171, 172 and 178 with the following, (FL XXXVL) 

It is therefore possible that the otherwise general decrease in passing from high to 
low water may be really due to the mode of Control in passing from high to low water. 

Veloeitif aver top step* The velodfy-measurements made over the top immersed 
step (Art 6f, 2®, & FL XXV) on either bank at the Solinf Embankment Main Site, 
however bring out the ifffect of depth veiy clearly. 

The depth of water over such step could not exceed about 9* (the height of each 
step being abont 9*), and was often much leas, so that a swiall change of water-level 
often produced a ^eat ehamgs ef relatins d^A thereon. The change of velocily 
eorreqxmding is quite remarkable even within the limits of each Series, and will be 
lonnd to follow the ehemgs ef defUk. 

A glance at Tab. XLII— XLV, Ser. 151 to 166, wiU show at once that the 
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*<BaDge " of the velocHies is on the whole mmeh greater antke Up iwunernd miep 
than at aay other part of the Channel. 

The fact of the velocity-change following the change of depth can also be eeoa in 
the Detailed TableSy but is best seen in Abstr. Tab. 10, which shows^for each 
Series— the following data for each bank separatdy, — 

1**, the nnmber of the top immersed step (redconed from top step), 

2°, the nnmber of Sets of velocity-measarements done thereon^ 

8®, the greatest and least depth of water thereon, 

4% the greatest and least velocity-measnrements thereon. 
It will be seen that within the limits of each Series there is a pretty steady decrease 
qf velocity yfith decrease of depth (orer the same step). In several cases (Ser. 151, 
152, 154, 159, 160) the water-sorface— being near the level of the tread of a step- 
falls from one step to another, and therefore from very shallow water on the upper to 
comparatively deep water on the lower step : in each case the sudden increase of 
depth is accompanied by an abrupt increase in velocity, 

A similar correspondence (i. e., decrease of velocity with fall of water-level) can 
also be traced (though ill marked) even within the limits of the same Series over the 
step next below the top immersed step, but the effect is quite untraceable (within the 
limits of a Series) at other parts of the channel, being masked (if existent) by the 
Unsteady Motion : this is to be expected, for the fall of water-level within the 
limits of a Series (only '3 of a foot as a maximum) causes a quite trifling relative 
decrease of depth except in the very shallow parts {e. g,, o?er the top immersed 
step). 

[The advantage of only comparing within the limits of the same Series as above, 
is that similarity of External (Conditions is thus most likely]. 

1% ^^* Similar Conditions give similar Curvet, — This may be inferred from 
comparing successive (2i^) curves at same Site throughout PI. XXVI— XL, 
(excluding all cases in which the mean velocities are not nearly equal.) Thus thia 
comparison will include many pairs of curves at nearly same water-level, and with 
nearly same mean velocity, and therefore presumably under nearly similar Bxtemal 
Conditions. A general similarity of shape in such pairs will be obvious, and in run- 
ning the eye down the whole group of curves at any one Site, a slow change of shape 
will be obvious in passing from high to low water, or from high to low mean velocity : 
from which, taken together, it may be inferred that— 

"Like Curves are similar under similar External Conditions", (6). 

12> ^* JBqual flatness with equal Mean VeloCity.-^This follows from last Article 
in the ease of Like Curves at same waterAeveL But, it will appear that there 
is also a general simUarify of flatness as a whole (not extending to similarity of 
detail) in lake Curves of equal Mean Velocity, indeiiendenay of the state of water' 
level. 

Owing to the very great amount of Control occasionally exercised, there are several 
eases available of pairs and trios of Like Carves, at same Site, with jieaily eqoal 
Mean Velocity, in which the water4eveU are very different. An Absteact of these 
is given in Table below. It will be seen (on referring to the Plates) tiiat theConrea 
of each pair or trio areo^ nearly ejual flatness m^ the whole, notwidutanding 
the great difEerenoea o€ water-level. 
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Bin. 



PLiTIS. 



8«rlal Nos« 



Numbev 
of Sets. 



OMg»>Ilfladl]igt, 
AorH. 



MeMiYelooltfoi, 

V. 



Solini Right 
Aqaedact, 

Solinf 

Embankment 

Main Site, 



XXXI, XXXII 
XXXI, XXXII 
-gTTTTT 



110. 111. 115 
112.119 
126, 181 

168* 176 



20,16,1 

18,7 

1.2 

1,2 



178174.179 5,1,4 



17a 177_ 
171, 178, 180 



2,4 
8,2,2 



9.88, 8.97. 7.80 
8*58, 6-16 
1«82, 4*60 

8.98, 283 
847, 8*04, 1.92 

8*64, 2*42 
8*62, 2.48, 1-67 



3-83, 3*^6, 3.86 

3-73, 3-74 
1*34, i*a4 

1.69, 1.65 
1*35. «-34. i'a7 

.86, •8 1,. 87 



The inference seems fair that-* 

** Like Carres with eqnal mean Telocity am ciHerU parihut equally flat as a 
whole", - - (7> 

12. Y^ Ilatnegs of how velocity Curoes, — ^The property to be diactiaaed ia^ 
** Carres of low Telocity are caterii paribuo flatter than those (of like kind) of 

high Telocity ", ~ (8). 

Owing to the Tery great amonnt of Control occasionally exercised, there are five 
eases aTailable of pairs of cnnres (of same kind) at same Bite with approximately 
the same water-level, in which the Mean Veloeitio$ are extremely different. This 
permits the effect (apon the figore of the carve) of a general change of velocity 
throaghont the Carve to be studied apart from other dUtwbing causee. An Abs- 
tract of these cases is given in the Table below. The property in question will be 
snfficiently obvioos from consalting the carves there referred to. 
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XXXUI 

XXXVl 
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124, 128 1. 1 
18^ 188 1, 1 
17M712.3 

170, 172 2, 2 
177,1784,2 



849, 845 
8*58, 8-60 

8^, 8-62 
8-64, 8-58 
242, 248 



40 a 



8*26, 8* 
d<38,8*85 

4.73,4-72 
4-78, 4 68 
3*64,8.64 



•43, '7" 
3»as, 

1*50, .Sd 
1.50, .66 
1*50, -81 



842:1 

•69I4.67 : 1 

1.74:1 
2.27 : 1 
1.85:1 



The same general property may also be at once seen by glancing down the whole 
group of Curves of same kind for any one Site, it will be seen that in passing from 
high to low water there is< on the whole a gradual general decrease of velocity, and 
that this is accompanied in general 6y inereaaed fiatneu of ths ewroee. This ia of 
conne most marked at those Sites for which the range of velocity is greatest 

[Compare especially PL XXXI, XXXII s also PI. XXXIV, XXXV, XXXYI]. 

It will be seen also that in those occasional cases where the velocity Is unnsaally 
high throughout the curve, the curve is in each case much more lull/ founded than 
the curves with low velocity at neighboring water-levels. 

[Compare Ser. 131, 132, 133, PL XXXUI.] 
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12y ^' -^^^Atfit not dependent on depth.^^The gradaal flattening of the CnrreB 
of any one kind at the same Site in passing from high to low water is so marked, that 
it woald at first sight appear to be a general property that Low-water carves are flatter 
than High water carves (of the same kind). This is, however, not the case : there 
are in fact several cases of the contrary, viz., of carves which are much flatter than 
several of like kind in shallower water, as shown below, {$ee also Plates qaoted) : — 



tlltm. 


Selected cdbte. 


Selected Carve flatter than Gurves named below, 
all in shallower water* 
Cms PlftfcM qnotodj. 


Serial Nofl. 


Oange- 
Readings. 
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VelocltieB. 


Sorial Hot. 


Ganflre-Readfnffe* 


Mean Velodtlei. 








XXXIX 

XXXIII 

XXXIII 

XXXYI 

XXXYI 


lis 

171,172 
178 


8*65 
4-60 
8*60 
8-62, 8*58 
2-48 


.71 

X.24 
.69 

•86. -66 


124. 125. 126 

132. 134-139 

134-139 

173-177 

179 


8-49, 202, 1-92 

8*96, 8*58—2*66 

8-68— 2-66 

8*47—242 

1*92 


>43, 1-6 1, 1-24 
4**3. 3'a»— a**^ 

3-22 — J«20 

1-35— « -50 
I -27 



bnt it will be seen that all the flat corves are cases of Low Velocity Corves. 

Again, the seven cases qooted in Art 12, v of pairs and trios of Corves of nearlj 
same mean velocity, hot with very different general depths, and nevertheless of nearly 
eqoal flatness on the whole, point to the same Conclasion that — 

** The Flatness of a Carve as a whole does not depend so modi on the generd 
depth of water as on the Mean Velocity, so that Corves at low water are not neces- 
sarily flatter than Corves (of like kind) at high water ", (9). 

[The gradaal flattening of the Carves of any one kind in passing from high to low 
water (above alloded to) appears in fact to be really owing to the accident that the 
ordinary Control of the Canal was soch that there was osoally a gradoal decrease of 
the general velocity in passing from high to low water]. 

12^ viiu Vertical and eloping hanie, — ^The general effect of the banks is that— 

** The decrease of velocity near the banks is greater at the same relative distance 
from the edge in the case of sloping or stepped banks than of vertical banks "/lOa). 
This can be at once seen by comparing the marginal portions of the corves at tke 
SoUni Embankment Main and Fifteenth Mile Sites (PL XXXI V— XXXVII) with 
those of the carves for the SoUnf Aqaedoct (PI. XXXI, XXXII). This is no donbt 
dae to the gradoal decrease of depth near the edge in the former case, and forms a 
particolar instance of the effect of decrease of depth in decreasing velocity (Resolt 
(4a)). This may be expressed as follows :~ 

** Sloping or stepped banks give rise to corves which are sharply roonded over 

the banks", ^ (10»). 

'* Vertical banks lead to corves which are folly roonded near the banks'',...(10e), 
and this leads also directly to the following : — 

"Vertical Banks lead to flatter corves than sloping or stepped banks '*, (10). 

This can be seen by comparing the corves at the Solani Aqoedoct Sites with those 
at any of the other Sites ; hot as width is an independent and most important ele- 
ment in determining the flatness of a corve, the oomparisoo will be fairest between 
the corves at the Solini Aqoedoct Sites (PL XXXI, XXXII), with those of same 
kind at the Eamhem Site (PL XL), which is (xxyoghly speaking) of similar width. 
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12^ ix. Wide 8iiei give flat (hurves.-^Tht general effect of Width of SHe u 
** At different Sites of similar character Like Cnrres are— each taken as a 

ivhole— flatter thronghont at the wider Site", (11). 

This is well seen by comparing the Carres figured for the Belra, Jaolf, Kamhera, 
and Distribataiy Sites, (PI. XXXVIII— XU,) all in earthen channels, and of 
roughly similar (trapesoidal) cross-section, bnt varffing extremelg in width, as shown 
in Abstract bebw. 



sm. 



Plati. 



Serial Nofl. 



■*9 
I 



Snrf ace- 
widths. 



Hyd. 

ICean 

Depths. 

B 



Ifoan 
YelocifclM 



Roogb 

Gompuison 

of Sites. 



CJomparisoa 
of Cnrres. 



Belra, 

Jaolf, 

Kamhera, 

BightJaolf 

HfrAnpnr, 
Mansiirpnr 
Pimora, 



XXZYUI 


SOl-206 


180 


XZXIX 


211-217 


185 


XL 


221-226 


50 


XLZ 


281*282 


16 


XTJ 


286 


10 


XTiT 


288,284 


8 


XT.T 


287>288 


6 



188'4-186-8 

192-8-190-9 

65-5- 640 

25 0- 22*0 

18-5 
U-l- 13-8 
ISO- 12-5 



9*02-7*60 3* 17-3-92 



7-82^-32 
4-84-4-07 
2-79-1-99 

M6 

2-32.2-10 

216-1 -94 



2*96-2*63 
2*86-2*7 1 

2>52-2*IO 

1.49 
2*1 0-2*05 

i*83-i*75 



Very 
similar. 



( Snrf .-width 
( I of above 

( Barf .-width 
( 4 of last. 



^Sarf.-wldth 
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pnr. 
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all below. 



1 
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similar. 



It will be seen that — commencing from the foot of the Table — the Cnrres increase 
steadily in flatness with increase of width of the Site, (with one exception,) notwith- 
standing that the increased depth and increased velocity, which chance (in these parti- 
cnlar instances) to accompany the increase of width, wonid each separately tend to 
diminish the flatness of the Carves. In fact, the increase of flatness attendant on 
increase of width is by no means fully seen in these Plates, being partly compensated 
by the increase of depth and velocity. 

[In comparing these Carves, it most be remembered that the scale of abscissae in 
PL XLI is 2| times as large as that used in Fl. XXXVIII — XL, so that the Curves 
on PL XLI are thus made to appear relatively much too flat. Were the same scale 
nsed thronghont the relative flatness of the Carves on PI. XXXYIII — XL, would 
be seen to be much greater compared with those on PI. XL than is now apparent to the 
eye. Again, the single exception of the Mfr6npnr curve (No. 236) being flatter than 
the curves Nos. 231, 238 at the wider (Right JaoK) Site is snflSciently explained as 
dne to the higher velocities in the latter, which mask (Art 12, vi) the effects of the 
difference of width]. 
12, Z. Comparison of Unlike Curvet, — The general properties proposed are-— 

** Of Unlike Carves under same External Conditions at the same Site (of rectan- 
gular section), the Mid-depth Curve is usually the outer (except near the centre), the 

Mean Velocity Curve intermediate, and the Bed Curve the inner", (12a). 

** The Mean Velocity Carve is one of the flattest, and the Surface Curve the 
most fully rounded, (so much so that near the banks the Surface-Curve is one of 

the innermost) ", ^ (12i). 

2 M 
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COMPARISOIT 1^ (Simultaneous Fteld'Worky In order that such onrves might be 
fairly intercomparable in all respects, it is necessary that the yelocity-ordinates to 
be compared sboald be derived from veloeity'measurements made nearly at one Hme, 
80 as to secare the certainty of similar External Conditions. The Field-work of each 
Set of Series 241, 842, 243, including Sarface-, Bed-, and Mean Velocity work, was 
specially done with this view as follows :^> 

Field-work oj 1^ In each Float-Conrse one Instmment of each kind— vis., one 
Snrface-Float, one Donble-Float (with Snb-Float near the bed), and one Mean Yelodty 
Rod (reaching near to the bed)— was cast in as rapid succession as possible from the 
Upper Boat : after these a second Instmment of each kind, and then a third, a fourth, 
&c, nntil three good observations of each kind had been secured in thatFloat-Clourse. 
After which the work was taken np in the next Float-Course in succession, and so on. 
In this way a Set of velocity-measurements of each kind was obtained, executed to 
the minutest detail with the nearest approach to similarity of External Conditions 
throughout that is practically attainable. 

Unfortunately the time occupied in obtaining a single complete Set of each kind 
was so great (about 4 hours) as to be quite prohibitory. Only two complete Sets of 
each kind were obtained. These are grouped specially in Tab. LVII into Series 
(one of each kind) : from the way in which the Field-work was done (as above), the 
various External Conditions (Depth at Gauge, Surface-breadth, Fall of Water Sur^ 
face, Wind) are of course the same for the three Sets (one of each kind) of each day. 

The Yelocity-Curves resulting are shown plotted upon the same Base-Transversal 
in PI. XXX, Fig, 3, and obviously bear out the general statements above. Some ir- 
regularity in the Curves must of course be expected from the small number of Seta 
(only two) on which they depend. 

COMPABISON 2**, (Non»Simultaneou8 Work), Further evidence tending to the 
same Conclusions may be obtained from Fig, 1, 2 of Fl. XXX, each of which contain 
four Transverse Cun'es (viz.. Surface, Mid-depth, Bed, and Mean) under at nearly 
eimilar conditions cu poteilie (aa shovm in Abstract below,) selected from the De- 
tailed Tables, all plotted upon the same Base TransversaL 
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In comparing these Curves, it must be remembered that the Mid-depth-Cnrve No. 62, 
which contains only one Set, is of course irregular in detail : also that the two Bed- 
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Onires Nos. 65, 66, oontaining only 8 and 4 Sets respectiyelji are also natarallj less 
regnlar than the remaining Carves, which contain 16 or more Seta in each. The eW; 
deace from these Carves is not so good as that from those first described (of Fig, 8), 
in eonseqaenoe of their Field-work not having been execated in concert |n parti* 
ealar the Mean Velocity Carve of Fig. 2 lies within all the rest, a state which seems 
almost impossible in the case of Carves really under the same External Conditions. 

[The External Conditions so far as registered in the Table above, do not seem to 
differ sufficiently to aocoimt for this anomaly. It may be accoanted for by suppos- 
ing that the Instruments used in either Ser. 65 or 108 were in imperfect adjustment, 
a supposition however for which there are no other grounds ; or again by supposing 
that the External Oonditions were not sufficiently similar. This shows the desirabil- 
ity of the Field-work of Carves to be so compared being executed in concert in the 
way explained for Fig. 8]. 

The same general Conclusions as to the relative positions of the different Trans- 
rerse Carves may also be drawn from the Vertical Curves figured for the same Site 
in PI. Xni, XVI, XVII, which make quite clear the general facts of the general 
prominence of the Mid-depth Carve throughout (and especially near the banks, »ee 
fl. XVI), of the intermediate position of the Mean Velocity Curve, and inclusion of 
the Bed-Curve within the rest ; and, lastly, of the great decrease of the surface velo- 
city-curve near the margin. 

[These Conclusions agree throughout with the Results of the Bazin Experiments 
on Rectangular Open Channels, {tee the ** Atlas " thereof, PL XVIII, Pig. 8). 
The Velocity-Curves are unfortunately not drawn (except in the one case quoted) 
in the Atlas ; only eroU'eectiom of the experimental channels being given with rela- 
tive velocities (at a series of points on several yerticals and transversals) figured on 
them, and with a system of curves (similar to contours) showing the loci of points of 
equal velocity drawn within them : the whole of the above Conclusions can, however, 
be drawn from an attentive consideration of these quasi oontour-cnrres on PI. XIX, 
XX,XXI,of theAUas]. 

13. Yelocity-Sorface. — A good idea of the form of the Average 
Yelocity-Sarface in an open rectangular channel may now be formed 
from the consideration of both systems of Average Velocity- Carves 
(Vertical and Transverse) with help of the following physical illustration. 

Coneeive a thin membrane stretching across such a channel at a very short dis- 
tance below (on down-stream side of) the cross-section plane, and bulging out from 
it down-stream so as to form a sort of domed surface everywhere concave to the 
Base-plaoe (or convex down-stream), and symmetric about the central vertical plane- 
section. 

The maximum relocity-ordinate would lie in that central section above | of the 
depth, and the depth of the maximum yelocity-ordinate of a longitudinal vertical 
section would increase from the centre towards the banks where it would be about 
aid-depth. 

The Mid-depth-Cnrve would be one of the most protuberant and yet one of the 
flattest, and the Bed-Cnrve the least protuberant. The Surface- Curve would be one 
of the most rounded, though not the most protubeiant. 
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Kext conceiTe the space between this membrane and the Base-plane filled with 
water. The volnme of water wonld be the Cabic Discharge (per second). 

Lastly, coDceiye the membrane itself to be Tery flexible bnt inextensible, and 
thrown into a system of yiolent irregnlar rapid undulations in such a way as scarcely 
to disturb the level of the contained water. It would now show the figure of the 
Instantaneous Velocity-Surface, every velocity-ordinate of which is in a state of eon- 
ttant rapid periodio change with certain mean values, which are the Average-Velo- 
cities, whilst at the same time the contamed volnme (representing the Cable Dis- 
charge) remains sensibly constant 

14. Edge-velocity. — The forward velocity at the edge itself is not a 
quantity of much practical interest, as it is too small to sensibly affect 
Discharge-measurements. It is, however, of great importance in the 
Theory of Fluid Motion : unfortunately it cannot be measured by direct 
Experiment by any known method, and can therefore only be inferred 
indirectly from the shape of the Transverse Velocity-Curves near the 
edge. Unfortunately also velocity-measurements near the edge increase 
in difficulty (with all Instruments alike)— even with long straight banks 
—with approach to the edge, so that the approximation to the velocity 
at the edge is a poor one at best. 

[Both Floats and Current-Meters are used at great disadvantage very close to 
the edge even with long straight banks. The shortest distance from the edge at 
which systematic velocity*measurements were made in the present Experiments was 
about 7', and that only in the case of long straight banks as at the Soliui Embank- 
ment and Aqueduct Sites,— tM any of the Tables or Plates of Velocities past a Trans- 
versal]. 

All the Transverse Velocity-Curves in which velocity-measurements 
were made pretty close to the edge, (and which include a sufficient num- 
ber of Sets to give good Average Velocities,) agree in showing that— • 
^ The forward velocity near the edge decreases rapidly with approach to the 

edge", (IS). 

But this comes out better (as far as the surface is concerned) in the 
following : — 

14a. EXPEBIHBNT.— It has been explained (Ch. IV, 23) that the principal diffi- 
culty in the use of Floats near the edge is the tendency to ** deviation " from ** fair 
course". Now this tendency is found to increase with approach to the edge, and in 
the case of surface-water at any rate it was found to assume the form of a pertist&nt 
Jeviation from the edge Umarde the eentre^ even with long straight banks. This 
was brought out very clearly by some special Experiments made at two Sites very 
favorable for the Experiment, iA, with straight uniform banks of great length, 

via.— 

l**, within the SoUnf Embankment, (PI. II, 2,) close to the waters' edge. 
2", in the SoUnf Aqueduct, (PI. II, 4,) close to the central pier. 
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At both these Sites the flow of water along the edge is as quiet as seems possible 
in the esse of a large body of water. Very small Sarfaoe-Floats, (bits of cork, tiny 
chips of wood and straw) were pat in to the water, some Tery near the edge, some 
tonching the edge. As a general rale these tiny Floats moved — 
1^ only slowly forward when near the edge. 
2*^, with the slowest forward motion when nearest the edge. 
8*, and sometimes remained almost stationaiy*£or a perceptible iateryal when 

actnally tonching the edge. 
i^, seldom moved parallel to the edge, bat with a marked deviation from the 

edge towards the centre. 
S^, and this deviation from the edge was most marked (or most rapid) when 
nearest the edge. 
LThis deviation from the edge was so constant as to render sarface velocity-mea- 
sarement very difflcalt and uncertain at aboat 7' from the edge, and impossible 
within that distance, (even with a Ran of only 10' length). It was not nncommon, 
for instance, to have to pass 100 Sorface-Floats before the reqaisite namber (three) 
''good" Floats were obtained at the 41*1 (from centre) vertical— (only li" from the 
edge)— of tiie SoUnf Aqueduct, {see PL XVIL) 
14b* (Conclusions. — Summing up, then, it may be inferred that— 
" Near the edge the forward surface velocity decreases very rapidly with approach 

to the edge", ^ ^ (18a), 

"and is very small (perhaps zero) at the edge", .• ..•..-. .«......(13&), 

also '* near the edge there is a persistent flow (of the water at and near the surface) 

from the edge towards the centre", ..(Idc). 

** and this action is most intense nearest to the edge, and decreases rapidly with 

Ihe distance from tiie edge", .......^ (l&f). 

[No each persistent aetion (deviation oonstanUy in one direction) was remarked 
in the use of the Double-Floats and loaded Bods. It is obvioas of coarse that the 
persistent flow of the water at and near the sarface from the banks must be accom- 
panied by a contrary flow (towards the banks) at some other level, so as to preserve 
the water-level near the edge ; but the Experimencs did not reveal this. The re- 
markably steady forward motion of the Bods has already been remarked, (Ch, XV, 9,) 
and was to be expected]. 

The transrerse motion of the surface-water has been dwelt on at some 
length, as it affords interesting experimental confirmation of certain 
theoretical results, e. g. — 

1®, ue the passages quoted (Ch. Vm, 2) from Moseley's " Steady Flow", 
showing that the decrease of pressure over the surface from the banks to 
the centre (due to the increase of velocity), must necessarily cause such a 
transverse flow. 

2^, see also Prof. Jas. Thomson's exposition of the cause of the Depression of 

the maximum velocity line, in Procgs. of Boyal Socy., VoL XXVin of 

1878-9 in which the Kxperiment of Art 14a above is quoted (pp. 125, 

126). 

l4o. Edfe-VeiocUy mat phUed.—in the aacertainfy as to the real mi^ltBde of 
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tiie forward velocity at the edge, it being known only to be rety* small (Result (18) 
above), it has been thonght better not to show it all in the Diagrams of Transverse 
Velocity-Corves : the Carves are in all cases broken off at the velocity«ordinate next 
to the edge. 

[In the 1874-5 Report these Carves were drawn as continnons lines from the two 
ends of the Base-Line, thas indicating that the Edge-velocity was actually zero : the 
present practice is now thoaght better, as it avoids any assnmptions], 

14d« Edgi- Velocity taken zero in Dieeharge^eomputation. — Bnt, in compnting 
the snperficial Discharge past a Transversal, and also the Cnbic Discharge, it was of 
coarse generally necessary to assign some definite value to the velocity in question. 
It was accordingly assumed zero for the purpose of Discharge-computation. This 
assumption was thought justifiable for thUt purpose^ because the mode of computa- 
tion is such that the Result (Discharge) is only very slightly affected by the actual 
value of that velocity when small, whilst the simplification of the labor of computa- 
tion resulting is considerable. 

This is indicated in the Detailed Tables (XXIX— LVU) by the insertion of the 
phrase — 

** Assumed zero in computing Discharge *\ 
or some similar phrase in the two velocity Sub-columns which should contain the 
Edge-velocities : where the space is very much contracted, the symbol (?0) is entered, 
and may be looked on as a contraction for, and as equivalent to, the above phrase, 
as well as indicating that the Edge-velocity though unknown is certainly very small. 

16. Curve equally good Tteaily throughout. — In conseqaeDce of the 
Instraments used for the velocity-measnremeDts past any one Transyer- 
gal being nearly equally immersed at all parts of the stream, they act 
with sensibly equal efficiency thronghont the whole width of the stream 
except near the banks, (where the motion of the water is more irregular,) 
80 that — 

*' The figure of a Transverse Velocity-Curve can be determined with equal preci* 
aion at all parts except near the edge, where the precision attainable decreases with 

approach to the edge ", » •. (14). 

[This is a considerable contrast to the case of the Vertical Velocity-Curves, in 
which it appears (Ch. X, 11) that the approximation obtained decreases steadily to- 
wards the bed]. 



• The rapid deoreise of velocity near Uu edge, and conseqnQnt smallnea of the Bdce-vdodtj 
tUrm riae to the sttrmise that there is perhaps really a similar rapid deoreaoe of Telocity near ike bed 
(far more rapid than appears in the Vertical Velocity-Onrre Diagrams) with oonseqnent small Bed- 
velodtgr (poaiibly far smaller than that computed in Ch. XI, 13), which has passed unnoogniasd 
idely throogh the imperfection of the meani of Telocity-nieaaiiramflot doae to the bed« 



CHAPTER XVIII. 

TRANSVERSE CURVES— GEOMETRIC FIGURE. 

Pr<fac«.— The «abject of this Ohspter— thfi Eigim of the Tnuurene Vdoolty-CiirTeB— ii soUIj of 
theoreticlnterest. 

1. TransYsrse Veloclty-Onrv6y Qbombtrio Fioubb. — ^The inyesti- 
gstion of the geometric figure of the TransTerse Velocity-Carves is a 
very delicate inqairy, but at the same time one of the highest theoretical 
interest. The same remark — as made in the case of the Vertical CorreSi 
(Ch. XI, 1)— -aboQt the unsnitability of the primary obserratfon-data, 
viz., the velocity-measarements themselves, applies in this case also, and 
for the same reasons as there given, q, v. It applies with greater force 
indeed to these Carves thronghoat most of their width, on accoant of 
their excessive flatness in the wide central region : bat with less force 
to them taken as a whole than to the Vertical Carves, becaase the de- 
crease of velocity from centre to banks (apon which the total carvatore 
depends) is always a comparatively large quantity, and therefore admit- 
ting of fairly approximate determination from the velocity-measnrements 
themselves. 

The more salient properties of the Carves — such as coald be gathered 
from a cursory examination*-have been already discussed, (Ch. XVII, 
12 — 12, z.) In this Chapter it is proposed to discass such properties 
as require numerical calculation in evidence. 

2. Propobtionalitt of gorrbspondikg vblocitibs. — The most pro- 
minent of these properties is the following :— 

** In Cnryos of like kind with same water-level at same Site, the velocities at 

same points are approximately proportional", .^••....(1). 

The amoant of control occasionally exercised was so great, that there are fire pairs 
of Cnryes available well snited to bring this ont, viz., Cnrres of like kind with same 
general depth of water at same Site, bnt with extremely different general velocities. 
The details are shown in Abstr. Tab. 12^ the pairs to be compared being grouped 
together. 
The actual velocities of each Carve are given (in old face type as a*6o, •72), and 
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alflo— to facilitate the comparison— what may be called ** reduced yelocities " of one 
of them (vis., of the Cnnre of higher general velocity, in old brevier type, as '7S), ue,^ 
velocitieB reduced in the ratio of the Mean Velocities of the two Carves : theso 
" reduced velocities " of the one are the figures to be compared with the actuals of 
the other ; their differences are given in the last line of each pair. 

It will be seen that the Mean Yelocities of each pair are thus reduced to equality, 
and that the velocities throughout are also reduosd to approgimaU equoHiy, 

This establishes the Proposition. This may be expressed also in follow- 
ing form :— 

" Curves of like kind with same depth of water at same Site, but with different 

general velocities are approximately parallel projections of one another ", (la). 

From this it follows that in attempting to form equations of these connecting the 
Telocity (p) with its abscissa (y), with the depth under it (H|), &c., the variable 
Velodty-ordinate (o) should be divided by some one principal velocity, say the central 
Telocity (Og) or mean velocity (U) of the curve, ie., should appear in the form- 
ed r,, ort;-^U=/(y,H„S.&c.,) (2). 

It may seem that this is a small number of instances (only five) from which to 
establish so general a proposition : especially as some of the discrepancies are rather 
large, «. ^., those exceeding -08 are 8 in number, vis.— 

2 of 40, 2 of 'li, 1 of -IS, 2 of -16, 1 of -22, 
but these are entirely in the worst determined (the two upper) pairs containing only 
one Set in each curve. The discrepancies in the better determined (the three lower) 
pairs are all small, quite as small as could be expected from the small number of 
Sets contained in each curve. What makes these curves good evidence is the very 
great differences in the general velocities of the selected pair, the ratios of the mean 
Telocities being 8-42, 4*67, 1*74, 2-27, 1*85 to 1 respectively. 

[A great contrast will be seen here between these Curves and the Vertical (Turves, 
in that iu Vertical Curves with same depth of water on the same vertical, but with 
different general velocity, the velocities at the same point are not necessarily propor- 
tional : this is clear from the variability of position of the axis of the velocity-para- 
bola. CJompare Ser. 8, 9 ; 22, 23 ; 27, 28 ; 32, 33, PI. XIII, XV, XVI, which are 
pairs of curves with nearly the same depth on same vertical, but with axis at different 
depths]. 

8. Fifi^es proposed. — The fignre of 'the Transverse CarTos does not 

seem to haye excited so mnch interest as that of the Vertical Gnnres ; 

the Author has only been able to trace the following : — 



Work. 



Tnuvcnal. 



Figore propoMd. 



Boileau's Expts., p. 818, 

Mississippi Report, p. 237, 

Lake River Report, of 1868, p. 961, 



••fl 



Surface. 
5' below surface^ 

Surface. 
[Not stated]. 



Parabola, except near the banks. 

Parabola at Columbus. 

Two half parabolas (sometimes). 

Ellipse. 
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It is dear that any geometric form of Ourre proposed most neces- 
sarily possess the properties detailed in Ch. XVII, 12, as the more ob- 

yions properties, Yiz.— 
<* Excluding the effect of variatioii of depth (throngh the cross-aection) for the 

present, the ordinates of the Carre ahoold yary as follows :» 
(a), " the maximom ordinate at the middle ^\ ^ 

lh)y " a TCiy slow decrease from the centre outwards "» | 

(<J), *' becoming more rapid near the banks ", ! ^^ ^ ^g. 

(rf)i " and very rapid dose to the banks ", ^ ^' ** 

(0, "with conTezitj down-stream *\ 

(/), "and with symmetry about mid-^hannel *% 

No cnrre not possessing these properties would be worth examination. 

[The parabola certainly does not possess the properties (&), (c), (cf). A mere 
glance at FI. XXVI— XLI will show how ill a parabola would fit the whole Curve 
throughout]. 

It should be noted that the Gonres are so excessiyely flat throughont 
the greater part of their width, that almost any geometric carve (the 
parabola indnded) conld be made to fit the Curve through this region, 
(t.e., except near the banks). This shows the great importance of the 
Telocity-measurements very close to the banks in this inquiry, as it is 
chiefly from them that the suitability or unsuitability of any proposed 
figure is ultimately determined. 

Three types of Carve, viz., {a\ Parabolic ; (5), Elliptic ; (c), Exponen- 
tial ; will be now discussed. In this discussion (Art. 3a— c) note that — 

Length of Base-Transversal = 2b, from y=-fttoy = -f&. 

AbsciflUD Of) are reckoned of same sign as }» so that y-r b is always +. 
8a. ParaloUo Curves, — Of all geometric Carres those most easily calculated are 
those of the Parabolic class (so called from their resemblance to a common parabola) 
represented by the equation— 

i='-0' -^*>. 

and would therefore naturally be the first selected for trial, (and indeed have been 
suggested as above.) But they are not really suitable Curres. To render this clear, 
a number of them hare been plotted — ^from (computed) ordinates giyen in Tab. 19 
— ^in the Diagram at foot of PL XLII for the case of m = 1 with the following 
yalues of n, vis., n s= 1, |, 2, 8, 4, 5, 6, 8, (the case » ss 2 is that of the common 
parabola.) It will be seen at once (from the Diagram) that no curve of this class 
can be said to be much like the actual velocity-curves : those involving low values 
of ft fail altogether in Conditions ((), (J); whilst those involving high values of n 
fail in O)ndition {d), 

Sb. EWptie Curvet. — ^The most easily calculated family of curves which possess 
the properties required, especially (Jb), (c), (i), are the Bllipiic Curves (so called from 
their resemblance to an ellipse) represented by the equation— 

2n 
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(!)'+"• ft)°= '' ^«>- 

To render this clear, several of these Cnryes are shown — ^plotted from (oompated) 
ordinates pablished in Abstr. Tab. 19— in ti^e Diagram at middle of PL XLII for the 
case m = l| with the following ralaes of n, viz., }» = 1, 2, 3, 4, 6. A general resem- 
blance between these Cnrves and manj of the more regnlar of the aetoal Yelodty- 
Carves will be at once apparent. The approximation coold of course be tested only 
by actnal numerical comparison in each case. 

As a matter of fact, the ** qnartic ellipse " (being the particular case of above when 
m = 1, and 9» = 4) does closely fit several of the Surface Velocity-Curves, especially 
those of Ser. 51, 52, 56, PL XXVI. This was the geometric Curve proposed in 
the 1874-75 Report (Art. 88) when these three Series were the only data avail- 
able. On computing this Curve for the whole of the nine Series (Nos 51^59) 
now available, it was however found that no single Curve of the Glass would 
properly satisfy all the Observation-Curves, but that the value of n mu9t gradually 
inereate at the depth deoreaeed, so as to yield curves increasing in flatness as the 
depth decreased. 

The gradual increase of flatness with fall of water-level as a general Rule has 
already been noticed in Ch. XVII, 12, vi & vii, as probably really due to the decrease 
of general velocity which usually accompanies fall of watei4evel: the increase of flat- 
ness due to this cause is sufficiently provided for in the proposed equation (6)» which 



gives o=Oo / l-m (f } ; ^^ provides that for same values of y -i- ^, v shall 

be proportional to the central velocity, so that curves drawn upon the same tranavennl 
(2b constant) increase in flatness with decrease of the central velocity. But the in- 
crease of flatness above meant is of a higher degree than this, involving the passing/rmn 
one order of curve to another, such a change in fact as is expressed in a gradual 
change in the index n. 

The irregularity of many of the Sol&nf Aqueduct Observation-ChirveB near the edge 
is, however, so great (caused partly no doubt by the obstruction of the corbelled 
footway, and partly by the division of the channel by the Central Pier only 982^ 
long, see PI. II, 8 & 4), that it seems obvious that the equation of the curve should 
contain in it terms to express the effect produced by the corbelling, and further 
that a geometric Curve suited to. a uniform channel of great length is not fairly 
applicable to this Site. The inquiry did not seem sufficiently hopeful to be worth 
continuing the laborious numerical trials under such complex conditions. 

[From the experience gained in these attempts, it appears to the Author that by 
making in, n, and also b variable, the curves of this family would fit very closely to 
the actual curves in the case of a uniform rectangular channel of very great length. 
The SoUnf Aqueduct does not approximate sufficiently to this condition. The 
labor of such numerical trials would be very great, especially if the Most Probable 
Curves were computed, as of course they should be]. 

So. Exponential Cunee^ (Abstr. Tab. 19, and PI. XIII).— This general name 
may be taken to include all Curves involving the abscissa (± y) in an exponential 
form. They are interestmg in physical inquiries as being the forms resulting from 
the solution of the Hmplett differential equations, which are themaelveB the primary 



ART. 3c— 4. 275 

mathematical expression of physical lawH. Three of the simplest— the Logarithmic, 
Catemury, and Error-Carve- -have been plotted in the npper Diagram of PI. XLII from 
compated ordinates published in Abstr. Tab. IQ. 

The simplest of these— the Logarithmic Curve, (p = fkOf, . £-»-r*)^is given here as 
being the curve deduced from a certain theory of fluid friction inMoseley V '* Steady 
Flow " for both the Vertical and Transverse Velodty-Cnrves in a Pipe flowing 
full. It is supported by comparing the numerical Results given by it with Darcy's 
Experiments on the figure of the Vertical Velocity-Curve in Pipes flowing full. In 

Darcy's Workf a curve of the parabolic class v=9o. (^''"■(r) } ^ deduced 

from the same data. This case is given here chiefly as an illnstrati<m of the imper- 
fection of such numerical Tests when the data are unsuited to the purpose. Thus, 
Darcy's velooity-measurements were executed only at &7G points of the central 
vertical, via., at the centre, and at points above and below the centre at distances 
of i and f of the radius from the centre, thus embracing only the central | of 
the vertical diameter teithin which the curve U very flat, and omitting altogether the 
outer — and for the present purpose most important— i of the radius nearest the 
walls of the pipe. In consequence of the great flatness of the curve throughout the 
central i-space, the numerical discrepancies between the ordinates of either trial 
curve and the velocity-ordinates are of course small ; and this is relied on as an 
experimental veriflcation of the trial curves. 

But it is in fact a very poor Test For the curves proposed are extremely dissimilar 
in figure ; their convexities being actually turned opposite wa^ {tee PI. XLII). 
Darcy's proposed curve is at any rate convex down-stream, {eee the curve in iihich 
« = } of the parabolic class,) whereas the Logarithmic Curve proposed is actually 
eonctKoe downritream with a cusp at the centre. This shows the absolute necessity of 
▼elodty-measurements close to the margins. 

The other two curves of this class (the Catenary and Error^Curve) are given 
solely as being tolerably familiar and easily calculable curves of this class likely 
to result from mathematical investigations on this subject ; and to show their un- 
suitability (for use as Trial Transverse Curves) in that they do not properly satisfy 
Condition (dy. 

[The Catenaiy was chosen simply beeause some of the Velodty-Chnrves do in some 
respects resemble the figure of a free heavy chain ((jatenaiy) ; moreover, if a rope 
of material light enough to fioat on water be very loosely stretched across the surface 
of a running stream, it at onoe assumes what may in a general sense be termed 
a Catenarian fonn, the figure of which is in some speciflc way related to the Surface 
Vel6oitj-Cnrve» which in a certain way it also resembles. 

The Brrar-Curve was chosen as being a simple curve of the family denoted by £q. 
(48) of Mosel^^ << Steady Flow", PhUos. Miga., Vol. XLIV, p. 35]. 

It will be seen {$ee Diagram) that all three of these curves fail in giving a suffi- 
ciently rapid decrease of the ordinates near the banks. 

4. Watter-level Ghange. — ^As a general snmmary of what precedes, it 

appears that — 

<< (Curves of like kind change in shape with change of .water-level '^•.••tf.*.t..(6), 

* Fhllof. HagB , Vol. XLTT) p. 198, Bq. IS. f Darcy Bzpts., p. 128. 
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and thai-» 

« If V -r V = / (y") be the genend fonn of their Equation, the exponent ii will 
be fonnd to vaiy with the water-level, and therefore with the general depth, and 
may perhaps be expresnble as a f miction of the hjdranlic mean depth (R) ",«t.(7>. 

6. Transverse Carves, General OonelosionsK^'^ewing the evidence 

of all the Transyerse Carves figured in this Work, together with those in 

other Works as a whole, the following general Oondosions may be 

drawn :— 

^The fignura of the Transverse Velodfy-Cnrres is for given External Conditians 
determined by the fignre of the bed", •.. •^••••••••••••••••.•••t**.. •••••••••(S). 

^ Convexities of the bed produce concavities in tilie curve and viee versd ", ..^.(9). 

This points to the Condosion that in the equation of a Transverse 

Curye— 

** The velocity (p) should be expressed as a function not of the abscissa (y ) only, 
but also of the depth (c), so that the equation should be of form— 

» -f- V = / (y, «, &C.) ", (10> 

This being the case, the attempt to discover the form of the function 
by numerical trials with velodty-ordinates given by Experiment is pro- 
bably hopeless in any case in which the depth is irregular, as in a natural 
channel. 

[The only hope of effecting this toldg from Etiperment (Le., in the absence d 
any indication of the proper functional fonn from a rational Theory) would be in the 
aocumnlation of Experiment in specially prepared unifonn rectangular and semi- 
circular channels of veiy great length compared to tiieir sectional dimensions. In 
the absence of such special Experiment the attempt would be hopelesa To a certain 
extent, i^., on the small scale, this has already been done in Mr. Basin's Experiments]. 

6. Velocity-fonction^— The whole of the preceding discussion (Ch. 
XVII, XVIII), especially that upon the apparent irregularitiea of the 
Curyes, and that on the depression of the line of maximum velocity 
(Ch. XII), is entirely consonant with Dubuat's principle that — 

''The wetted border of the channel is the ultimate sonroe of the retardation of 
flow", ^.^ .^.^.(11), 

and that in this term '< wetted border " is to be included the layer of air 
resting on the water-surface, as in some degree aiding in the retardation. 
With this view the Author adyances the following proposition, viz., 
that in the algebraic expression for the velocity at a point the velocity 
should perhaps be expressed — ^not (as has hitherto always been tried) as 
a function of the co-ordinates (y, z) of the point, but rather as a func- 
tion either— 
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1^, of the ^ minimiim effective distance " of the point from the wet border. 
2*9 of the '^ ayenge effective distance '' of the pdnt ficom the wet border, 

and preferably of the latter. 

As different parts of the wet border (e.g., the air and the solid border) 
exert resistance of very different intensity, it seems necessary to include 
both the distance and the ^'specific redstance" in these expressions: thus 
the term '' effective distance " in the abore, means the actnal distance 
(from any part of tbe wet border) multiplied by some co-efficient express- 
ing the '* specific resistance" (of thcUpixrt of the wet border). 

With the following notation :— 

dB = length of any element of &e wet border, 
p = co-efficient of specific resistance thereof, (vaiying along the wet border), 
r = distance thereof from the point y, z. 

Then the— 

'^^7^^''^^^"'^'^ ]--fr.pdB^fpdB, (12), 

pomt (y, s) from the wet border it/ ^ *j^ ^ ^ '* 

the integrals being carried right round the wet border. 

This expression will always be one of such great complexity (eren for 
the simplest form of cross-section) that to apply it in numerical calcula- 
tion would be very laborious : and at any rate the attempt to seek the 
form of the function by numerical trials from direct Experiment — in 
the absence of any indications from a rational Iheoiy— would be quite 
hopeless. 



CHAPTER XIX. 

AR£AS AND DISCHARGES. 

jy^faeej^TbUB Chapter cnntalm a detailed aooonnt of the mode of Aiea> and Dfecharse-Comim- 
tation (Art. 1—10 ft 14— Ifo) from the data of Ch« Y, XVn, with dleoaeslon of the Etton InyolTed 
(Art. lit 18, 19— IM) ; and oompariaon with other pr oceei w 16— 16c, SO— Sta ; aleo dieonasion of the 
depenflenne of the Dieohaise on the Bztemal ODoditions (Art. 17—16, tOg.). The moet intereittng 
Artidee ara-omittlng detalle— Art. L— 6, 11— 16a, 17—30, 20e-S2a. 

1. Areas and Bisehaiges. — It is conyenient to explain tlie ooimpata- 
iion of the three foUowing quantities together, as to a great extent the 
same formulas are need for each :— 
1^ CroflB-Section Area, (A). 
8^. SnpcrScial Diflchaige (D) past a Tranarefaal, (tneaanred hj the area of the 

corresponding Velodt j-OnrreO 
a*. Cnbic Discharge (D) throngh a cross-section, (measured by the yolnme of 
the Velocity-Snrface). 
The data for determinxng these are respectively-^ 
1^9 a system of depth-ordinates (Hy) m the Cross-Section. 
2^, a system of velodty-ordinates (Vj, or iij) in the Velocity-Canres. 
a®, a system of areas (D, s H, . Vy) of the plane sections of the Velocity- 
SiuriEace, 

iioith the same ahacissm (±^)f i,e.y at the same points of the Transversal. 

[The spacing of this system of corresponding ordinates (Hy and Vj or Uy) and areas 
(Dy) has been fnlly explained in Ch. XVII, 5— 6f, and Abstr. Tab. H, (which ahK> 
shows the formnln actoally used at each Site)]. 

Hence the three quantities — ^the Area (A), Superficial Discharge (D) 

past a Transversal, and Onbio Discharge (D) may be ealcuiaUd by ap- 

proxtnuUion-formula of the aanu^ type^ ( a great convenience in practical 

calculation.) 

f By far the most important part of this CSiapter— in a practical sense— is that 
which relates to the (Tubio DisoHABas.] 

2. Notation^ — The following Notation will be used :— - 

Let y be the distance of any Eloatpconrse from the centre. 
„ Hy „ Ayerage Depth along the Float-conrse whose abscissa is y. 
„ ry „ Float-velocity (at any level) along that Float-conrse. 

* XoQce*B Btementary Menforsttoii, Art. Hi, 1S2. 
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Lot tTj bo-the Kod^Telooity along that Sloat-ooane. 

99 Dy M (saperficuti) Diflcharge past the vertical whose abBdesa is y. 

„ D „ (saperficial) Discharge past any Transrersal. 

„ h „ breadth of cross-sectioo on that TransrersaL 

„ U „ Mean Velocity past Chat Transrersal. 

91 D 99 (cable) Discharge throogh the whole section. 

„ V 99 Mean (sectional) Velocity. 
For distinction also the symbols H, v, u , D, will leceiTe the subscripts e, l» ^9 «i to 
denote the particular yalues at the edge (e), oyer top inunersed step (f ), and at the 
quarter-point (9), and middle-point (m) of the Side-space respectively. 

8* Approadoiai{ion-Fozmale«-r-It seems conrement to quote here the 
sereral approximatioih^formiilsd for Arias and VoLajcBB in coneise form, 
so far as required for these Experiments. 

Let Xj be the type-symbol of a number of quantities qf same kind, spaced at 
equal distances (/3) along a base-lia& 

And Xf", Xf the type-symbols of those quantities (like X) which are at equal 
distancffi (± y) to left or right of the centre (y = 0) of the base-line. 

Here Xj are either obdinatbs (as Hj, Vj, «,) of the curve whose Area is 
required, or abbab of parallel plane sectiona (aa Dy) of .asadEBce whoee Velume is 
required. 

Then the formnl« are as follows i'— 
L 8imian*t Rule, (Quantities of type X at equal spacing /I). 

Volume J ^^ i '^ • C^i'+*^"*'^i')t hetween X,' and X|', • .«.•••..•.•... .(10)1 

= * /3 . {(Xj-+Xa')+ i(Xi'+ Xi')+ 2X«}, between X," and X,', (16), 

and so on by repeated application. 

[This Rede, when used for finding volumes, is also termed the "Prismoidal 
Formula"], 

ii. Cuhie Rule. (Quantities X,', Xi^ X|\ X,', at equal spacing /9). 

Area or Volume = f/S* {(X,*'f X/)+8 (X'+X/)}, .•..•..^....•«..«^.«.....(2). 
iii. WeddWe Rule. (Quantities X/, X/, X|', X^ X/, X^', X/), at equal 
spacing (jS). 

AreaorVolume=^/l.{(X/+X,%Xo+X,'+X,')+6(X,'+Xa+X,'},..(8). 
These Rules are severally applicable to Spaces which are divided into 2, 8, or 6 
equal Sub-spaces respectively, and also (by a repeated application) to Spaces divided 
into n equal Sub-spaces, where n is a multiple of 2, 8, or 6. 
[They are equivalent to the following* suppositions :— 

Artae, The ordinate (X,) is assumed to be a quadratic, cnbic^or sextic function 
of the abscissa (y). 

Volumes, The area (Xj) of each parallel plane section is assumed to be a 
quadratic, cubic, or sextic function of the abscissa (y). 

• Mooie's Kfiny. Mflnanntlon, Art. 117, 118, 122 ; & BooU's Finits DlffluMMM, Oh. Ill, Art. 7. 
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[These f ormiils an serenllj aeewtaU^ when the fanctioii in qmBtiaQ is a qnad- 
ratic, cubic, or qnintic reqwctivelj : and Weddle's* is highly appiozimate eren 
when the fonction is a sextic, or septimic] 

ir. SimtofCa RylemodiiUd, The case of a yelodtj-measDrement misang nicme 
of the qnadrisections (9)of aqoadriseeted Space was of snch freqoent occnirence, that 
it was worth while forming a special Role for it The Bole applicable to a quadii- 
sected Space is Simson's (No. i aboye) : the miesing quantity (say q) must be supplied 
by interpolation for use in the formula ; it was always taken as the arithmetic mean 
ik the two adjacent like quantities (say M and E). The Besult expressed in terma 
of the known data (say e^ (J, M, ;, E) is of such simple form as to be worth quoting 
here for reference in like cases. 

LettfyQpMy^, E(FL XX, 8) be quantities of same type, (tf.^.9 all Vekdties, or 

all Discharges past a rertieal) at equal spacing fi^ whereof— 
q not having been obsenred is auumtd equal to \ (M'l-EX...*..««„**....^....-(4). 

Then by Simson's Bule— 

Area or Volume = i /3 . {(E+0+4 (Q+2)+2M}t 

= i/i'{(E+0+^[Q+i(M-l-£)] +2M} 

s= s P . ^(3E+tf)-^4 (Q4'M}/y • ••.••.••••MM.cMi M»*».««M.(5). 

which is the final Besult required. 

4. AocusATB (^BOSB-SBonoir Abba.-— The Cross-Section Area (A) admito of 
acevraU computation (1^ as a whole when its whole contour is either regular or per- 
manent ; or 2^, in part, whererer its contour is mther regular or permanent. In soeh 
cases of course tiie Area was accurately computed, the use of the approxinuition- 
formuljB bdng unnecessary. These cases occurred as follows :— 

1^ Permanent eoHtoun. In the Solinf Twin Aqueducts, (PL n, 4) : in tiiese 
(being in masoniy channels) the whole Area was accurately computed, fyee Tab. V.) 
2^. Banki regular or permanent. The cases were — 
(a), Begubur earth side-slopes, at the 15th Mile, New Site, (PL n, 1.) 
(5), Masonry steps, at the Sol&nf Embankment Sites, (PL n, 2.) 
(<;), Masonry side-slopes, at the Behra and Jaolf Sites, (PL IV, V.) 
In tiiese three cases, the Side-Space Areas (over the regular or permanent banks) 
were accurately computed. 

[In what follows then, the use of the approzimation-f ormul» for CVoas-Section 
Area-computation applies on^f to irregular beds]. 

5. CiTBio DISOHABGB, Preliminary Step.^lt will be seen that the quantities 
(Xy) of the formnljB are — ^in the case of Cubic Discharge computation — the super- 
ficial Discharges (D,) past the several rerticals whose abscissa are y, so that (except 
when the bed is level), these quantities must be prepared by a preUminaiy computa- 
tion, by the formula, — 

Dy = Hy . «y, (6)* 

I. e^ by multiplying eeparatelg eveiy Bod-velocity (« ,) by the Average Depth (H,) 
along the Float-course. 

[This preliminary work of preparing these products is the most laborious part of 
the work when the multiplication has to be done in the usual way. But it can be 

* MoonTb BtoBwn t a i y Memomticm, Art. 117, III ; Bool^s Finite Dlfferenoo, Cb. UU Ait. 7. 
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done in a few minntes with the help of a Crelle's large Maltiplication Table when 
neither factor contains more than 8 figures, (Ch. V, 26)1. 

5a. If octangular Section, — In such a section with level bed and yertical sides the 
depth (Hf ) is constant right across, and wonld therefore enter as a constant fac* 
tor into all the superficial Discharges (Dy). The Cabic Discharge may therefore 
be more rapidlj computed by calculating first the Discharge (say Dm) past the Mean 
Velocity Transyersal, — measured by the Area of the Mean Velocity Curve,— and 
multiplying this Result by the constant depth (H), so that— 

D = I>m . H, (7). 

6, Centre- akd Inter-Spaces, (Abstr. Tab. H).— Formula of the same 
type (^see Tab. H) were used then for each of the three quantities — 

1®. Cross-Section Area (A), (when over an irregular bed), 
2®. Discharge past a Transversal (D), 
8®. Cubic Discharge (D), 
in the Centre- Space, and also in the Inter-Spaces. The Table explains snflSciently. 

7. Side-Spaces. — The formulsa used were varied (tee Tab. H) according to 
circumstances ; the edge-velocity (i^e or tie) being taken zero when entering into 
the compu^tions (^see Ch. XVII, I4d). The following cases require special 
explanation :— 

(a). Side-Space not sub-divided, (h), Side-Space quadrisectod« 
(c). Side-Space over masonry steps. 
7a, Side-Space not sub-divided. — This occurred as follows :— 
1°. Soldni Twin Aqueducts. No velocity-measurements under the corbelling ; 
and in a few cases none in the Side-space near the central Pier. 

The Velocity-Cunre being known to be convex (Ch. XVII, 1 2, (3<y) ; & PI. XX, 7, 9), 
its Side-Space Area (when not sub-divided) was computed by the formulae- 
Area = J X circumscribing rectangle = f X i3 x v or u, (8), 

where /3 == width of Side-space, (usually iissumed to be 2*5', see Art 9, 3^) 
9 or » = velocity-measurement nearest the edge. 

f This is equivalent to supposing the curve of parabolic shape in the Side-space]. 
2^ Distributaries. No soundings or velocity-measurements in the Side-spaces. 
The Side-Space Areas were computed as Triangles, and the Side-Space Cubic Dis- 
charges as Wedges (PI. XX, 10) by the formulas — 

Side-space Area = I /3H, Cubic Discharge = i /3 . 'Hu, (9), 

where P = width of Side-space. 

II = Average Depth along Float-Course bordering the Side-space. 
u = Rod-velocity along „ „ „ „ „ 

7b. Side^Space quadri-seeted, (Simson's Rule modified). — This case occurred 
(Tab. 11) in the Side-spaces at the following Sites, the velocity -measurement (i7q 
or tf q) at the quadrisection nearest the centre (marked in the Table witii a dagger f) 
being wanting in each case :— • 

1«. 15th Mile, New Site, (no u, between 80' and fn,see PI. XXV). 
2^. Sol&ni Embankment Main Site, at low water, (no «7ij, see PI. XXXVI). 
8^ SoUnf Twin Aqueducts, near central pier, (no V401, or «40|). 
The edge-velocity (Ve or ««) was assumed zero in each case, so that the Modified 

2 
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Simson's Hale (Art 3, ir) here assames the simple foraiy (since e=sO therein, 

iee Fl. XX, 8, wherein the interpolated qnantitj q is marked bj a dotted line,) 

Area or Volume = i/5 • {SE + 4 (Q + M)}, ^ (10>. 

7c. Side-Space over steps.^ThiB case occurred at the SoUnf Embankm^kiiaiii 
Site, at High water, in which case the Side-spaces comprised only the area ^f the 
immersed steps. The velocitj-measnrements were made at the points explained in 
Ch. XVII, 6f, 2", and shown in Fl. XXV. The following special* formnbs were 
nsed for the (Cubic) Discharge-computation. 

f Ko Surface-, Mid-depth-, or Bed- Velocity work was done at this Site], 



J7.B, See Plat* ZZY. 
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(11*). 
(lie). 

(llrf). 
(IIO. 
(11/). 
(lli^). 
(11 A). 

(Hi). 



It will be seen that the formuIsB are based on the assumption that the Superficial 
Discharge past each of the verticals on which the Rod-velocities were measured is 
approximately the mean Superficial Discharge past any vertical throughout the width 
of either 1, 2, or 3 steps, according to the co-efficient used. 

[This assumption of course leads to errors of excess and defect in several cases, 
but— on examining the formula — it will bo found that the co-efficients are so arranged 
thht the partial gains or losses over certain steps compensate each other to a great 
extent in each formula taken as a whole, so that the Resultant Error of excess and 
defect due to this assumption must be small]. 

8. Solani Twin AquedactS. — '^^^ procedure at these Sites was to a certain 
extent special : — 

8a. Cross-Section A be a (A).— This was accurately computed (Art. 4). 

8b, DiscHABGES (D and D)*— The Cross-Section of each Aqueduct is so nearly 
rectangular that— viewing the uncertainty of such computation — it did not seem worth 
while in Discharge-computation to take account of the slight departures from the 
strict rectangular form^ viz., (Fl. II, 4)— 

* Theto were devised to meet the present caeo, to which none of the precedii^ ordinary fonnolaa 
(of Art. 8) are properly applicable in conaeqneace of the two ooter velocity-meararementt «|, %j^ 
having been effected over the centres of the top and lowest immersed steps, and not at th9 tdgtt of 
the Side-spaoes as required by the ordinary formnlso. On f nrther consideration, it appears, however, 
to the Aathor doabtfal whether these new formnln have any advantage in aocnracy, and whether 
in fact it would not have been at least equally accurate to have nsed Simson's or Simeon's modified 
Rules (accepting the values «|, Uj^ as mJfieUi^ approMimationt to the two velocities u^^mj^at tht 
edge and ai the inner bovndanf of the Side-space respectively) ; which use would have had the prao- 
tioal advantage of not IncieaBlng the number of formulie in nse. 
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1^, tlie contraction of the width (£rom 85' to 82^) by the corbelling of the onter 

footways aboye the 7^*3 leyeL 
2^, the slight contraction of the width above the bed (from 85' to 83'^) below 

the 2' level. 

Accordingly all the Discharges past a Transversal, and all the Cabic Discharges 
have been computed at if the width were 85' uniformly from smrface to bed, Le., at 
if the tide'WaUt were vertical throughout. 

This affects all the Sarf ace-work (which was all above the 7'«3 level), the work near 
bed-level, and the Cable Discharges, so that— as far as this source of error goes— 

**The Surface-. Bed-, and Cubic Discharges are all over-estimated", (12). 

But the actual error must be in all cases small, and in many oatet quite trifiing^ 
thus — 

I**. Surface'Diteharget, These are the most affected, as the surface-contrac- 
tion sometimes amounted to 3'*0 (when the water-surface was above the 
9' 85 level, PI. 1, 3). 

[The maximum error is probably f X 3*61 X 300 = 7*22 tq, Jl per tec, in 
• Ser. 53, Set No. 13]. 

2^. Mid-depth*Ditcharget» Not affected. 

8^ Bed- Discharges. Error quite trifling. 

4^ Cubic Discharges, Error always very small (compared to the whole Dis- 
charge), and altogether trifling when the water-surface was below the 7**3 
level. 

[The propriety of this procedure is no donbt* questionable, especially in the case 
of the Surface-Discharges. It teemed to offer tome advantage even in this case at 
the time, in enabling them to be compared together more readily (being all computed 
as for a Transversal of same (85') width). And in the case of the Cubic Discharges 
(although no doubt some reduction could have been made), the appropriate reduction 
is by no means obvious J. 

8c* CUBia DiscHABOB, (D)* — ^The neglecting (in computation) the departure 
from the true rectangular form, (involviug the assumption of constant depth (H) 
right across,) enabled the Cubic Discharge to be computed by the comparatively 
simpler process applicable to rectangular sections, (Art. 5a.) 

9. Departure from exact tpacing,^-ln a few cases practical difficulties prevented 
the Float-courses being placed quite in the proper position required for use in the 
approximation-formulse. In these cases the velocity-measurement was accepted as 
a tufficient approximation (for all purposes of Discharge-calculation) to the velocity 
in the proper position. The cases were {tee Tab. H) — 

I**. Fijteenth Mile, Old Site, The velocity-measurements at 84' from the 
centre were accepted as equivalents of the velocity at 85', (where required 
for the Cubic Rule.) 
2?, Soldni JEmlankment, Main Site (at High water). The velocity-measure- 
ments at 7iy fiv>m the centre (i. «., close to the 4' drop-wall) were accepted 
as equivalents of the velocity at 75' (as required for the Cubic Bule). 

* The tall data an given in Det, Tab. ZXIX— XXXII, XXXIV^XLI, U LYUt io thst the com- 
putation oobM be done anew by the reader if wiabed. 
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8°, Soldni Twin Aqueducts, The Telociiy-measnremeiits at 39|' from the 

centre (t. «., close to the corbelling, were accepted as eqniyalents of tfae 

TclocitT at 40\ (as required for Simson's Rule) ; this leaves 2'*5 for width 

of the Side-space under the corbelling, (tee PI. II, 4.) 

This approximate usage is belieyed to be sufficient for the purpose, and greatly 

simplifies the lat>or of computation. 

10. Misting Data^-^lt happened occasionally that a Telocity-measurement re- 
quired for insertion in the approximation-formulse was missing from some cause or 
other. This was usually supplied by simple proportional* interpolation between the 
two adjacent velocity-measurements. 

\ Example, See " Simson's Rule modified " (Art. 3, iv) to suit the case of a 
velocity-measurement missing at one of the quadrisections of a qnadrisected Space. 
This was the only case of frequent occurrencej. 

Occasionally, however, the interpolation was avoided by applying other formaln 
(than the usual one noted in Tab* H) when suitable in the changed circumstances. 

Examples, These cases occurred chiefiy at the Sol&ni Aqueduct — 

Ex, I. Side'space near central pier. Sometimes the velocity-measurement at 
41 1', t. «., next to the pier, was wanting. In this case Simson's Rule was applied, 
the data being at 40', 41^', and 42i' (the last velocity assumed zero). 

Ex, 2, Side-space near corbelling. Sometimes the velocity-measurement at 89^ 
i. e., next to the corbelling was missing. In this case the Cubic Rule was applied to 
the Inter-space, the data being at d(K, 32^', 35', 37 j' ; and the Parabolic Rule to the 
Side-Space, (which extended from 37 }' to the assumed edge at 424'.) 

11. Formuls-Errors. — The effect (upon the Besult) of an error in 
any of the ohservation-data is proportional to the weight of that quantity 
in the formulaB in which it is to he nsed, and therefore to its co-efficient in 
those formalas. Thus certain data are more important than others^ 
(carrying larger co-efficients in the formulie), and are of different importance 
in different formulae^ (the co-efficients differing) : thus — 

1^ Simson's Rule, The even quantities are four times, and the odd ones twice 

as important as the end quantities. 
2^. Cubic Rule, The middle quantities are thrice as important as the end ones. 
3^ Weddle*8 Rule* The even quantities are five times, and the middle one is' 

six times as important as the end quantities. 

Hence the effect (upon the Eesult) of an error in any of the data is 
immensely greater in the case of the more important quantities (in pro- 
portion to their weight). It seems impossible to provide adequately for 
this difficulty except by greater care in the observation of these more 
important quantities, and the only ohyious plan is to reduce all the partial 
results to equal weight by providing that the risk of error in the observa- 

* The hetl mode of fapplylng a mining observation would nndonbtedly have been that given in 
Works on the Oalcnlna of Finite Differences (te§ Boole's Work, Chap« HI), hut the labor of such 
interpolation would have been qoite prohibitory. 
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tion-data sball be inversely proportional to their weight in the oompata- 
tion>formnl». This requires that — 

** The namber of repetitions of any obaenration-measnrement should be proper- 

tional to its weight in the compntation-formaUe ", (13). 

[This is only given as a suggestion towards f ntnre improyement of sach obserra* 
tions : its advisability was not' perceived till a late period of these Experiments]. 

13. Above formula simple in ii<«.— It might be supposed that the formula above 
given— judging merely from the number of pages taken to describe their use— were 
troublesome of application, but this is not the case : the co-efficients involved are all 
80 simple, and the order in which the odd and even velocity-ordinates succeed each 
other is so regular and simple, that with a little method* in the way of using them, 
they are extremely simple and easy of application, and can be quickly picked up by 
the most ordinary computer, at the same time that there is eonsiderahle gain in accu" 
racy in their application. The use of ruled forms especially facilitates methodical 
work. 

f A specimen page of computation of a Cubic Discbai^e by these formnlsB is given 
in Abstr. Tab. 84^ preceded by the Field-Book (Tab. 38) containing the Field-data. 
The details given are those of 9-1-79 in Ser. 201]. 

13. Simpler Approximations^ Err in defect, — Simpler approxima- 
tion-formulaB than those given aboye will generally err constantly in defect 
in the long ran, (though not necessarily in any single instance.) 
The two following classes of Results : — 
1*. (a), Cross-Section Area (A), 

(}), Buperficial Discharge past a Transversal (D), 
{o)f Cubic Discharge (D) in a rectangular channel, 
2^ Cubic Discharge (D) in a concave bed, 
are affected to a very different extent. 

The former — all under Class 1° — being all measured by the Area con- 
tained within their respective bounding carves, the only simpler formulas 
that could well be proposed would be the Trapezoidal and Arithmetio 
Mean Rules quoted in Gh. XIII, 2d. And since these Carves are gener- 
ally concave towards their several Base- Lines, it follows (precisely as in 
that Article) that both these Rules must err in defect in the long run. 

f The Error is of course not very large ; still there being sufficiently simple and 
more accurate Rules available, there can be no excuse for not using them]. 

But, when applied to the Cubic Discharge over a concave bed, there 

is considerable risk of introducing an error in defect in two ways; viz., 

both— 

1^, through the general concavity of the bed, 

2^, through the general down-stream convexity of the Mean Velocity-Carve, 

either of which separately would produce its own small error (constantly 
of defect). But when these two independent sources of error are com- 
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bined — as they certainly would be by certain ways of application of the 

simpler approximations (sucli as the Trapezoidal and Arithmetic Mean 

Boles) — the error resnlting is no longer a imall one (unless indeed 

the yariations of both velocity and depth throughout the greater part 

of the cross-section be themselves very small), and is constantly one 

of defect* 

[This conid not be easily proved in any veiy short compass, and mnst be accepted 
as a known mathematical Result]. 

14. Present Results.— The formulsB above described (Art. 3—8) 
were applied as follows :— 

Area^Computaiion* Only certain '* f ondamental Areas" were computed direct 
from the formnlA, and the rest were interpolated. This is fully explained in Gh. V , 
18— 19b. 

JHtekargi'Compvtatum, No interpolation was here admissible. The Discharge- 
Measurements (D or D) were computed direct from the formula separately for 
every SET of velocity- work past a TransTcrsal, and are shown in Col. 7 throughout 
Tab. XXIX— LVn, and Col. 3 throughout Tab. LVIII^LXX. These are only 
Faib Dischabqe-Mbasubements according to the principle of Ch. VI, 16. The 
Means at the foot of the several Series are the best Avbbagb values that the ever- 
varying state of the Canal permitted to be obtained, nearly freed from Observers' 
personal equation (Ch. VI, 13). 

An Abstract of the Results (Mean and Range of each Series) is given in Abstr. 

Tab. 18-18 & 20-22. 

15. Cubic Discharge, Bboapitulatiov.— The measarement of the 
Cubic Discbarge passing through a channel is so important a matter in 
practical Hydraulics, that it may be well to recapitulate briefly the pro- 
cess used in these Experiments. The process naturally divides itself 

into three very distinct Steps. 

Stbp L Obtaining the Avesaqv Depths along a number of lines (Sonnding- 
Conrses) parallel to the current-axis, by sounding over a number of cross-sections. 

^TEP 11. Measurement of the Mean Velocitibs past the verticals through 
the points where those lines meet the central cross-section. 

Step III. Computation. 

The time required for each Step (at any particular Site) depends of 
course entirely on the approximation arrived at, t.6.— 
1®, on the number of Cross-Sections sounded over. 
2^, on the number of verticals of Mean Velocity-measurement 
8", on the number of repetitions of each velocity-measurement 

In the present Experiments the time oceapied was as follows at the 

large Sites :^* 

Stip I Sounding along 15 to 17 Sooading-Coiines and in 8 Cross-Sections. 
Time 8 to 4 boors. 
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Stxp XL Jl/«Mr(tZ0et^y-«Mnii«aMn^«inl5to21*Float-(>iiine9;eachthriM 
repeated. Time 2 to 4 honra. 

Stbp III. Computation, About 2 hoan, 
[This last Step (Compntation) inclades the following :— < 

1*, Redaction, Inking, and Checking Field-Book, «m Tab. 33. 

2®, Discharge-compntation, 9ee Tab. 84, original and checking. 
A namber of each compatations can, however, be done proportionately more 
rapidly than a single one]. 

15a. Advamtagbs of prooess. — ^The chief adrantages of this process 
are the two following : — 

1^ Velocity-measarcments are obtained from many different parts of the chan- 
nel ; so that the final Result is certainly some sort of Average Result of the wholes 
independently of all Theories. 

2*. The whole Field-work of the yelocity-measnrement is carried ont within a 
moderate time (say 2 to 4 hours at large Sites), within which the External Condi- 
tions depending on the Control— ezcludmg therefore the Wind — would be gener- 
ally tolerably constant. 

This last advantage cannot he overrated: it renders nnnecessary the 
application of any so called ''correction" to reduce the Results computed 
for one part of the channel to comparability with those computed for an- 
other under changed External Conditions {e, g., changed 'water-leyel, or 
changed surface-slope), or to redace actual velocity-measurements to 
mean velocities. The necessity of applying any such '' corrections " is a 
great disadvantage, as in the present state of Hydraulic Science they 
must he looked on as to a great extent hypothetical. 

The comparative speed with which the whole Field-work can be carried 
through depends of coarse on the power of rapidly obtaining the sought 
velocity^ata (Mean Velocity past each vertical) bif some single operation, 
and depends therefore in the present Experiments on the use of the 
Mean Velocity-Bod. 

This involves of course the fundamental hypothesis (proved true in 
Ch. XV, XVI) as to the sufficient approximation of the Rod-velocity to 
the sought Mean Velocity past a vertical, but this is the only hypothesis 
made. 

16. Cubic Dlschaxge, Othkb Expkhimbkts. — It will be instnictive 
to compare the mode of computing the Cubic Discharge employed in 
the other large Experiments. 

16a* Chamoed Conditions, Other ExperimeHt8.^1u the Experiments on the 
laige Rivera, (Mississippi, Lake River, Connecticut, Irrawaddi,) it is by no means clear 

• The noinber of Vloat-Cooivet sometimes exceeded the number of Soonding-OouBes ; yis., it 
Sites vith BegQiar Baaks, the Cro»eeetion of which wis obtained onoe for all (Ch« V, lla) bf 
menoremmt* 
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(from fhe published Reports) whether the whole of the Telocity-measarements from 
which each separate Discharge was compated were executed in one and the same day. 
Bat it seems almost certain — partly from internal evidence* in the Text of those Ex- 
periments, and partly from the great difficulty of the field-work on these large 
rivers — that in very viany of the casesf the complete Set of data were not col- 
lected in one and the same day, but in part on many different days. 

The combination* of data must in this case have been made chiefly from data at 
nearljf the same fcater-level,{mth. a selection perhaps of cases in which the velocittea 
were somewhat similar.) Bat the evidence of the present Experiments of great va* 
riationi in Discharge with nearly same water-level, (even with nearly same Surface- 
Falls in the Sub- Reaches above and below the Site,) is sufficient to show that — in the 
present state of hydraulic science — the approximation to similarity of External 
Conditions is very uncertain, so that such combinations should be avoided if possible. 
To enable this to be done, it is essential that the whole of the data for any one Dis- 
charge-measurement should le collected within a few hours, 

I6b. -3/w*. Iteport, (pp. 226—228, 262, 263).— The total breadth (J) of the CJross- 
section was divided into Spaces of 200' width. The velocity deduced from the 
mean of the timings of all Floats passing within any 200'-Space was accepted as the 
approximate mean velocity (say n) through the whole area (say a) of that Space, 
(ascertained by sounding ), so that, 

Approximate (cubic) Discharge through any 200^-Space =na- 

Approximate Total ( ;_. v r-no) J ^^^ ^^^ ^^ ^^ ^uch partial Discharges 
Cubic Discharge D I n"-*/> J throughout the whole breadth of the river. 

The velocity-measurements were distributed in two ways, of very different value— 
P. At Carrollton in 1851,— At all depths. 
2*. In 1857-58, — Only on a Transversal at 5' depth. 
In the former case, the Result D was considered final. In the latter case it was 
considered only as approximate, and was " corrected " by multiplying by a certain 
co-efficient of correction, viz., by the ratio Um -5- U** where — 
Ua^ grand mean of the mean velocities past all verticals, 
Uj = mean velocity past the 5'-depth transversal, 
deduced from their vertical velocity-curves. 

With the data availalle, it seems difficult to suggest any better process, (the data 
being insufficient especially in Case 2**,) though it is easy to see some points wherein 
an improvement is desirable, viz.— 

1^. The use of the arithmetic mean of the velocities in any one 200'-division as 
the Mean Velocity through the area corresponding gives a result somewhat too small 
(when the velocity-surface is wholly convex down-stream), even when the bed is 
level ; but if the bed be concave, and the partial areas be also under-estimated— say 
through use of the less accurate f ormulie — the Resultant Error (always in defect) will 
be probably no longer a very small one (Art. 18). 

2^ The mode of determining the value of the ratio IJm -r- IJ« is also open to great 
doubt. It appears (pp. 260, 263, ib,) equivalent to assuming that the same parabolic 

* The passages are too nnmeroas to quote. 

t In fact 150 Floats seem to be about ae many as can IM observed in one day on a large tirer, i«« 
Lake Sorvey Beport of 1869, p. M6. 
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relation exists between the Mean Velocities past each transversal from surface to bed 
as between the relocities at different points of any one Ycrtical from surface to bed. 

I6c« -ita** Hiver Report of 1869, (pp. 571, 676). — Velocities were observed 
at every 6' of depth on many verticals usually at 200' apart, except near the banks, 
where special spacings were used : this of course occupied many days. Again, 
velocity-measurements were made at many points— at same (200'', &c.) spacing as 
before— on one or more transversals (at selected depths), the Set on any one trans- 
versal being carried out nithin a single day. By help of these last the velocities 
past the several verticals were reduced to what they would have been if all observed 
on the same day, and also to the centres of the 200' spaces. 

[The mode of reduction is not explained, but see Art ICa (above) as to the extreme 
uncertainty of such reductions]. 

Each " reduced velocity," (say u) was multiplied by the partial area a to which 
it applied, and the Total Discharge D was found as the sum S (a • a) of all such 
products. 

16d. Connecticut Report of 78 (pp. 362, 863).— The mean velocity (U) past each 
vertical was multiplied by the Average depth (H) in the Float-O)urse : and the sum 
of these products 2 (UH) was divided by the sum of the depths S (H)* This was 
accepted as the equivalent of the Mean (Sectional) Velocity (V) ; so that the Cubic 
Discharge was found by multiplying this value of V by the Cross-Section Area, so 
that D = {S (UH) -^ S (H)} >c A. The Besult is admitted to be << slightly too 
small ", (p. 368.) 

In some cases the Discharge was computed fromMid>depth-velocity measurements : 
In this case a sort of Mid-depth Mean Velocity (say (U. g) was computed in same way 
as above, viz., TT.^ = S (r.^ . H) -f- 2 (H). This was multiplied by the ratio 
i^'T'V.j^) of the Mean Velocity past a vertical (U) to the Mid-depth velocity on that 
vertical (p.^) (as ascertained by Experiment on a certain number of verticals at the 

Section), and the Result was accepted as the equivalent of the Mean (Sectional) Ve- 
locity, (V) ; and the Cubic Discharge (D) was then found as the product AV- 

[This is of coarse open to the objection that it involves the assumption that the 
ratio U -$- 0. is constant for all verticals^ and equal to the required ratio V -r- U|^] . 

16e. Irra^addi Iteport of '79 (p. 21).— The whole width (b) of the river was 
divided into a certain number of Spaces (of unequal width) within each of which the 
surface-velocity was found to be nearly constant The mean of all surface velocity- 
measurements within each space was taken as the Average Surfaoe-veloeity (p^,) of 
that Space. 

This was multiplied by the ratio (U -r I'o) o^ the Mean Velocity (U) past verticals 
within that space to the surface-velocity (v^) (ascertained by Experiment within that 
space, and at nearly the same water-level), and by the partial cross-sectional area (a) 
within that space. These Results are the partial Discharges through the several 
Spaces ; and the Total Discharge was found as the sum of iJl such. 

[Ln the application of this process, the approximation of course depends on the 
legitimacy of the ratios U -7- v^ used. The use of a special value of this ratio for 
each space, and the change thereof with change of water-level is (theoretically) a 
great improvement on the process as used in the Mississippi and Connecticut com- 
putations], 

2p 
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17. Diachaige-Yariatioii.— From the mode of computation, it is ob- 
vious that the Discharge-measorements obtained depend on two to three 
factors, as follows :— 

1% Diieharge part a Transversal (D), on two factors, yiz., breadth and Tdodtf • 
:P, CuHc Discharge (D)f on three factors, viz., breadth, depth, and relocitj. 

Of these, the depth (which affects only the latter) and the Telocity are 
alone subject to great variation. The breadth eitiier remains constant 
(as in rectangalar sections), or else changes with the depth, the utmost 
change being, however, only a small fraction of the whole breadth : this 
change is usually one of increase with increase of depth ; the reverse 
change of decrease with increase of depth occurring only in exceptional 
cases (as in the Solani Aqueducts under the corbelling). 

The change of Discharge (of each kind) due to change of breadth- 
being small^s liable to be quite masked in the changes due to change 
in the other factors, and b not worth discussing. 

Discharge past a Transversal.-'Tbla Discharge will thus obviously 
increase and decrease along with the remaining factor (velocity) : this re- 
quires no discussion. 

17a. GuBio DiscHABQK. — The two chief variable factors (depth and 
velocity) in the Cubic Discharge-measurement are liable to great and 
independent variation, so that it might be expected to increase and decrease 
with them jointly — not necessarily with increase or decrease of one only. 

A glance down Col. 7 of Abstr. Tab. 14^18, wherein the Series are arranged 2f 
falling water-level wiU sbow at once that as a mZe— 

** The Cnbic Discharge at any Site increases and decreases rapidly with rise and 
fall of water-level '*, ^^ (14). 

This Besolt may be confirmed by examining the detailed (Discharges in 0)L 7 
of Det Tab. XXXIV—LVI), which are also arranged within each Series generally 
by falling water-level ; a general decrease (with, however, many irregnlaritiee) will 
he ohvicus on the whole, 

[Ser. 106, 118, 151, 156, 165, 196, 2)6, 217, 222, 224 afford pretty good instances 
of this]. 

1^ As to the irregular decrease within a Series, it is to be remarked that the fall of 
water-level admitted within a Series is so small, that any effects due to it are liable 
to be masked by even small changes in the otiier factor (velocity). The Unsteady 
Motion alone is snfficient to canse irregolarities, the individual Discharges depending 
on only a limited nnmber of velocity-measorements]. 

The effect of velocity on the Result is well seen in the following Abstract (ar- 
ranged by falling water-level for each Site), which contains only the Average 
Results of the Series quoted, so that the effect of Unsteady Motion must be in many 
of the cases faiily eliminated. 
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These Besnlts show sncb large, in Hereral cases rer; large, depaitnra 
from th« general rale of increase and decrease with rise and fall of vater- 
Uvel, as to prove the other factor (riz., Telociiy) to be 0^ at least equal 
importance. 

17b. Yklooitt-vasiation.— Id endeaTOring to trace the dependence 
of the Discharges of each kind (D or D) on the External Conditions, it 
would be better then to eliminate the effects of Tariation of breadth and 
of water-lerel if possible. This can be done in a general way, viz., so far 
aa the breadth and depth enter dirtctly into the Bemli (as factora) b; aim- 
pie diviiion of the Discharge (D or D) b; the breadth (i) of the Trans- 
Tereal, or b; the Cross-Section Area (A) respectively, according as tha 
Discbarge past a Tranerersal (D) or the Cubic Discbarge (D) are under 
discnssioa. It will enffice then to disease the dependence of the quotient 
(Mean Velocity of either kind, viz., U = D -^ (, or V = I) 'f- A) npon 
the External Conditions. This will be reserved for Cb. XS. 

18. Cabio Discharge constant. — It seems almost certun i priori 
thai even thoagh the motion of particles be very unsteady, yet the 
Cubic Discharge is sensibly constant when the average free-level is steady 
for a length of time at several Gauges at a good dif^tance apart, or 
shortly that— disregarding the small momentary oscillations of free- 
level- 

"ThaCabioDischaTgeUseDtibly constant from initant to instant", (16), 

In this way the Cubic Discharge differs markedly from the Superficial 
Discbarges past a vertical or transversal, which arc almost certainly van- 
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abl6 (see Ch. XIV, 4 ; & XX, 3a) from instant to instant It follows that 
the term Aykraob should not be applied to the Cabic Discharge in the 

same sense as to the Superficial Bisdiarges. 

I^The causes of the considerablo variations of the Cable Dlschaige-mcaBarementB ob« 
vions in the Tables will be diacassed later]. 

19. Bischarge-Error. — An Error in estimating any of the factors 
(breadth, depth, or velocity, see Art. 17) which enter into the compu- 
tation, will of course produce a corresponding error or uncertainty in the 

Discharge-measurements. 

19a. Bbeadth-Ebbob.— -An Error (A&) in estimating the breadth (jb) b^in 
a channel of great width compared to its general depth — of comparatiYdy small im- 
portance even in the ahtoluie BtsuUs, as from the mode of spacing adopted (chiefly 
at fixed points), the effect of an error in breadth wonld fall wholly in the ** Side- 
spaces *\ in which both the velocities and depths are usually least : Uio greatest error 
possible wonld bo» 

"Max. Error in Discharge past a Transversal = U • ^&"> •.(16a), 

" „ „ Cnbic Discharge =H.V.AJ", (16>), 

where H = Mean Depth of Side-space, 

„ U = Mean velocity past Transversal in Side-space, 

„ Y = Mean sectional velocity through Area of Side-space. 

Andy in comparing different Resnlts at the same Site at nearly the same water-level, 
this Error is of trifling importance, the valnes of H, and— except for changed control 
—of a snd of V also being then nearly alike. And further, in such comparisona 
even a considerable eorutant Error in breadth wonld matter little, as it wonld affect 
the Resnlts nearly alike. 

[Thus the over-estimating the Surface-breadth at the Sol&nf Aqueducts (Art 8b) 
does not sensibly affect comparisons of Results within the same Seritiy the breadth- 
cnor being nearly constant throughout a Series]. 

19b. Dbpth-bbbob.— Tlus affects only the Cnbic Discharge-measurement An 
error in depth {Ah) is of much greater importance in a channel of small depth 
compared to its width, than an error in breadth. If it arises from an error in sound- 
ing, it will (from the mode of computation) only affect the partial Dischaige through 
the two Sub-Spaces adjoining the erroneous Sounding ; but if it arises from anenor 
in determining the water-level, it will affect every depth-factor alike, and in this caao 
the Result is the comparatively large quantity, — 

"Error in Discharge = 5 . V • AA" (17). 

As explained in Ch. Y, 15, the depth-factors in these Expcruncnts all depend ulti- 
mately on determinations of water-level, so that any cause producing error or uncer- 
tainty in water-level determination is liable to produce the above Error in the Result 
This affects not only absolute Results, but also comparisons of Discharge-measure- 
ments at the same Site (even if done in succession,) as the depth-factors in each depend 
on different determinations of watcr-levcL 

19c. WiND-EFFBCT.->From the above it is dear that a high wind may— inde- 
pendently of any real effect on the " forward velocities "—affect the Cubic Discharge- 
measurements merely through its disturbance of the watcr-lcvcl in the neighbourhood 
of the Gauge rCh. V, II, 15), so that— 



ART. 19o— 20b. 293 

** A crofis wind is liiiblc to canno excess or defect in Cubic Dischargo-mcasuve- 

ment according as it blows towards or from the Gango ", • ^ (18). 

It is worth noting that this Error coold only be discovered by comparison of Dis- 
diarge*measurements at i^i^^rMf Sites differently exposed to Wind. It wonld bo 
qnite nndisoorerable in comparing DiBcharge-measarements at the same Site, becanae 
the Wind affects the Gange-Keading and Dischargo-measnrcment aUAe, so that the 
Resnlts would apparently agree. 

[The maximnm Error prodnced is probably very small (compared to the whole 
quantity), thus the greatest observed difference of level between the water-levels of 
opposite banks was only -07' (Tab. LXXVI), or probably -035' (or say '04) of Error. 
This in a 200' vndth with S'-OO per second mean velocity would cause an Error of 40 
c. ft, per sectmd']. 

19cL VBLOCiTT*EBBOB.^It has been abeady explained (Ch. VI, 16) that the 
single Discharge-measuroments of all kinds in this Work cannot*-^ consequence of 
their depending on velocity-measurements, which are neither simultaneous nor yet 
proper average values— pretend to be good measures, but should be looked on only as 

Fair DlSCHARaB-MBASnRIfiMlfiNT& 

[It will be understood (Art 18) that it is not the Cubic IHeeharge iU^ that is 
sul^eet to momentary variation ; but that the measure thereof, k e., the Discharge- 
measurement is an imperfect one in consequence of being derived from imperfect 
Averages]. 

20. Old and New Results (Abstr. Tab. 28).— *The Table shows Uie 
Cubic Discbarge of fieveral of the Reaches corresponding to each half- 
foot of the Standard Gange of the Reach, viz. — 

(1), Boorkee Reach ; (2), Belra Beach ; (3) Kamhera Beach ; 
also the Cubic Discharge of the four small Distributaries for a few odd 
depths on their respective Ganges, both according to the Results of 
these Experiments, and according to the ofibsial Canal Tables in use at 

the time. 

[The figures quoted for the present Experiments are interpolated roughly between 
the actual Besults at the gauge-readings near each half foot : where very discrepant 
Besnlts are obtained, the highest and lowest are given. There was unfortunately 
no official Table extant for the Jaolf Beach, so that no comparison is possible for 
that Beach]. 

20a. Canal Tables. — Before proceeding further, it is necessary to 
explain how the Canal Tables were prepared :— 

j20b« SoLAiTi Aqueduct Ain> Bblba Tables.— These Tables were based on 
actual Experiment, t. 0., on a few actual Discharge-measurements (say D)> Dn &c., 
computed as explained below) at certain gauge-readings, (say A|, h^ &a) These 
are the fundamental Discharges of the Table. Each of these (Di> Dii &e.) being 
divided by the corresponding Cross-sectional Area (say A], A^ &c.) gives the cor- 
responding Mean Velocity (V|, V^i &c.) The Mean Velocities (V) for all other 
gauge-readings (A) wore interpolated by assumiog that V ^ V^ throughout each 
interval, and lastly, the Cubic Discharges (D) were obiaincd as the products AV* 

For the fundamental Discharges (Di? D21 &c.), surface vcloclty-mcasoromcnts were 
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made at the middle points of each of three eqnal primary Spaces trisecting the 
florfafie-breadth. The Wet Borders (B*, B^, B'), Areas (A'', A^, A^), and Hjdraiilie 
Mean Depths (R", Roi R')f and also Bazin's co-efficients (c^ Got oO connecting Mean 
(sectional) Velocity with maximam Telocity were computed separately for each Space* 
The Mean (sectional) Velocities (V*, Vq, VO of each Space were fonnd by reducing 
the Average sorface Telocities (o% v^, v') by the corresponding co-efficient. The 
Cabic Discharges (D'» Dot D') in each Space were foond as the products A'^V* 
AoVoi A'V ; and the Total Cubic Discharge as the sum thereof. 

[Note : — ^The values of R— the computation of which is the most laborious part of 
the process — are required solely for determining the co-efficients (c) which depend 
on B. The Wet Borders (B', B') of the outer Spaces include both the bed and bank 
thereof : the Wet Border (Bq) of the Centre Space includes only the bed thereof]. 

The ^fundamental Discharge-measurements" were mostly taken at the greater 
depths ; from this it results that the Tabular Results at shallow depths practically 
hang on those at the greater depths being connected by the Rule V oc V^ with 
aoaredy any ehech available from actual Discharge-measurement in shallow water. 

gOc. Eamhb&a BEiDas Table.— The Mean Velocities for each gauge-reading 
were computed from Bazin's Formula V = C • \/ R8 , with an assumed constaiU 
vaUte 30^)0 ^^^ S, (which is somewhat more than that of the bed). The Discharges 
were computed from the formula D = AV. 

[It will be seen that this Table does not depend* on any actual vdocity-measore- 
ments at all, but solely on a single ideal slope]. 

20d. DiSTBiBUTABiBS TABLES.— These Tables were formed by interpolation 
(by precisely the same Method as for the SolAuf Aqueduct Table) between a few 
fundamental Discharges. 

The fundamental Dischaiges were computed from central surface velocify-measnre* 
ments by the formula D = C • t^o • '^y where o is Bazin's co-efficient for reducing 
central surface velocity (v^) to mean velocity (V). 

20e« Official Results small. — ^There is strong reason to expect that the 
(fandamental) Discharges compnted as above described would usually 
err in defect j as several causes — chiefly depending on the nse (or misuse) 
of Bazin's co-efficient— combine together to produce defect. 

W Vte cf Batin'i Co'effioient, This co-efficient was derived from small scale 
Escperiments, (Ch. XX, 22,) in which the resistance of the bed and banks is much 
more influential than on the large scale : the value of the reduction-co-efficient so 
obtained is therefore probably too small for the Inxge scale. 

2^. Use of Burfaee-veloeitUi, Bazin's co-efficient was certainly intended to be 
the ratio of Metin to Hatcimum Velocity (V-rV). The use of surface- velocities 
instead of maximum velocity causes an error in defect (Ch. XX, 22a). 

S°. Triseethn qf width, Bazin's co-efficient is not appliealle to portions qf a 
cross'Seetion of a channel, but only to the cross-section a# a whole. The application 
to portions of a cross- section separately (as if they were independent channels) causes 

* It k right to say that the SUunhera Beaoh channol had heai considerably widened about a year 
beforo the present Bxperlmenta were madoi and that the Table in question was only a temporaiy 
one, awaiting the formation (for the altered oonditions) of a Table baaed on actual Diachaige- 
meaauement Bimilar to tboee of the other Sites. 
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error in defect increasing the more the additional obserred Teloeities decrease (in- 
asmuch as the (single) maximnm Telocity of the whole cross-section should haye 
been used). 

4^ Area^Formula, The Cross-Section Areas were (it is belieyed) computed 
from equidistant soundings chiefly by the Trapezoidal or Arithmetic Mean Rules : 
these give Results usually too small (Art. 18) in consequence of the general conca- 
yity of the bed. 

90f. Discussion. — There is a pretty close agreement between the Results for 
the Eamhera Reach: but from the fact that the oflicial Table for this Reach was 
only a proyisional one, based on an aaumed constant slope, and not on actual yelo* 
city-measurement, there can be little doubt that the fair agreement of the new Results 
therewith is accidental ; and is no eyidenoe of the correctness of either, the fact 
being that the surface-slope (which is what should be used in Bazin's formula) is 
certainly not constant when the state of Control is changed. 

As to the other principal Reaches (Roorkee and Belra), there are three points of 
striking contrast between the Experiments' Results and the Canal Tables, yiz— > 

1®. The new Results are-;-at high water — ^uniformly much larger than those of 
the Canal Tables. 

2^. At low water the new Results are extremely yariable. 

8^. At low water eyen the maxima of the new Results fall short of the Canal Tables. 

The first Discrepancy may be explained by supposing either (1), that the new 
Results err in excess, or (2), that the Canal Tables err in defect, or (3), that both these 
errors exist. And the excess of the new Results might at first sight be taken as 
eyidence of an excess error inherent in the use of Rod-yelodties (without the appli- 
cation of a redaction-co-efficient), due to the foot of the Rod not grasing* the bed. 
But if this were really the case, the excess in question should be relatiyely much 
larger at low water, (because a small *' Lift" [of the foot of the Rod above the bed is 
a much larger fraction of the whole depth at low water than at high water,) whereas 
the excess actually disappears at low water (see 8^ aboye). 

On the other hand, there is strong reason (Art 20e) to expect the High Water 
Results of the Canal Tables to err in defect. 

Lastly, the excess of the low water figures in the Canal Tables oyer the maxima of 
the new Resalts at low water is probably due to the dependence of the fonner chiefly 
on high water Experiments (Art 20b). 

20g. Variability of kbw Bbsults. — The variability of the new 
Results <U the same depth is of course due to the variability of the velocity 
factor even with constant depth (Art. 17a, b), the Experiments having 
been so numerous as to be performed under greatly varied Conditions at 
certain depths. The dependence of the velocity on the External (}ondi- 
tions will be discussed in next Chapter. 

21. Bisohaige-Tables.— Enough has been said to show that the mere 
depth of water at a Gauge is very far from being the only — ^possibly not 
the most — ^important element in the Discharge, so that a '' Discharge- 

* Tbii objection bas already beon Oispoiod of, lee Ob, XY, lib, 9i XVI, 10, 11. 
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Table" ought certaiDly to be one of double entr^, (showing both tbo 
Gange-Reading and Sarfacc-SIope as Argnments.) 

[The Ganges Canal Official Discharge-Tables purported to show a definite Dis<- 
chargo for a given Oauge-Beading. Such a state of things wonld seem to be possible 
only at a Site with permanent bed, and there only when the External Conditions were 
all fixed for a given Oauge-lieading^ whereas in this Canal they are extremely rari- 
able (from the great powers of Control)]. 

22. Dischaige-FormalSB.-- Most Cnbic DischargG-FonnnIa? as yet 
proposed are of the form D = A* V, exhibiting the Area and Mean Velo- 
city as separate factors, so that in comparing Basalts compnted from the 
formulae with experimental Resalts, it is sufficient (and also more* conveni- 
ent) to compare only the Mean Velocities, All such comparisons are de- 
ferred to next Chapter. MostformnlaB of this type arc really empirical, t.e., 
the functional form has been assumed (by mere gnoss work, or with help 
of some admittedly imperfect Theory), and the co-efficients only have 
been fitted to agree with such Experimental Besalts as were available. 

22ft« H0Sele]r'8 Discharge-Tonnnla.— This formnla is not of the osnal typo 
D =2 AVf 80 will be discassed at once. It has a special theoretic interest in being 
one of the few cases in which an attempt has been made to deduce a formnla from 
a rational Theory of Flnid Motion. The expression proposedf for the Cnbic Dis- 
charge in an Open Channel of any form is— with symbols changed to snit this Work— 
as follows : — 

Discharge in cab. metres per sec., D'sj^--r- . I !-(!+ 2 R').c~^ j .v^^ 

where B', R' ajre expressed in metres, and v^ in metres per second. 

An attempt is made to verify this formnla by comparing the nnmerical Results 
given by it with 46 of Bazin's Experiments in Open Rectangular and Trapezoidal 
Channels not exceeding 2 mdtres (about 6' 6') in breadth, nor | m^tre (about l'*6) 
in depth. The Discrepancies are in most cases only small fractions of the Total 
measured Discharge, though in one (case No. 6, on p. 49 same Volume) the Discre- 
pancy is 50 per cent of the measured Discharge. 

This general close agreement with Basin's small scale Experiments turns out, how- 
ever, to be a yeiy poor Test of the formula, for when applied to large scale Results 
it fails so entirely, as to be obtnouHy fautty inforvu 

This can be shown in a general manner (without taking the trouble of making the 
complete numerical computation) as follows :-^ 

It is obrious that the quantity (1 + 2 K') . e-sn' is always a + quantity rapidly 

decreasing as B' increases. Hence the above expression gives a Result always less 

B* 
than I^Vq' ^^^^ mdtres per second, (where B',R',9o' are all expressed in mHres), 

and therefore the— 

* In oonaoqiionco of tbo Mean VelocitieB being oomparatlvoly small numbers, 
t Moseloy's *• Steady Flow", ThUos Moga., Vol. XLIV, p. 46, Bq. (09) or (C7)i 
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Discharge (in cub. ft per Bee) is always < ^ ■ X-g. * 



2 



B 



R 8-281 



or < 5*882 -g . v^ 

where B, R, v^ are measnred in feet 
Now appljing this to the following cases from these Experiments :— 



BiTB. 



DATA« 



B 



B 



Valneot 



[■lioaIdbe>D] 



Cablo 
Dlacharffe 



ment. 



Sol&nf Left A qnednct, • • 
Ck>Unf Right A qnednct 
Sblini Embankment Main Site, 
Fifteenth Mile, New Site, 

BehraSite, 

JaoIfSite, 

KamheraSite, 





106 


100-2 


6-76 


4-o.s 


824 


V 


106 


106-8 


7-96 


4-5> 


3SS 


101 


190*8 


9-84 


4-66 


512 


1 


m 


1820 


9-49 


4-91 


507 




196-4 


9-02 


3-67 


430 


211 


200*2 


7-82 


3-43 


473 




221 


69-5 


4-84 


3-40 


263 



3^28 
8.429 
7,169 
7,187 
6,611 
4,681 
961 



2 

It will be seen that the computed Besnlts (ralnes of 5*882 -^ Tq), which should be 

all greater than the Discharge-measurements CD), are actually only from about i to 
^ of the latter, so that the formula is eridently useless. It is in fact only quoted as 
being one of the yeiy few modem attempts to construct a formula for Discharge on 
a rational basis (i^., not purely empirical), and to show the danger of yerification 
based solely on numerical comparison with small scale Experiments. 

[This failure is probably connected with the &ilnre of the Velodfy-CnrTes deduced 
from the same Theoiy, pointed out in Ch« XVIII, 8c]. 
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CHAPTER XX. 

MEAN VELOCITY. 

Prtfaee*—1!hiB Chapter tiests of Mom Velodty-meaaiinnMiit, (Art. I, S. 4— «, 19,) and its Tmrte' 
tion, (Alt. S^-8b, IS— 16d,) and atoo contains a crltioal diseoMion of yariooB rapid Approarimatinna 
thereto, (Art. 7— 12f, 17—29.) The most important Artlclee are (omitting the detail) Art. l—», 
U, Ifi, 18c SOftt SI* 33a,o» SSc, 26— S9, (especially the last three.) The Conelnslons (BeBolta ('UJ, 
(46% (M), (ftSa), (67)i (S8)) as to the Taiions approximations are of grtai frteUtal imptrtane€» 

It Hean Velocityi past tbahsybbsal, and sBcrrioNAL. — It mil be 
conyenient to discuss these two sorts of Mean Velocity to a great extent 

together. They have already been defined (Ch. lY, 3) as follows :— 

Mean VelocUy pml a TrantvertaL ''The Mean of the 'forward yelocities' at 
all points of a Transyersal ". 

Mean Sectional Velooity, "The Mean of the ' forward TelocitieB ' at all points 
of a CroBS-section "• 

It seems clear that their proper yalnes are :— 

Me«> Velodly put TnmarerMl. U = 8°pfl-Di«ohiu^P«tTr>nmr«l ^ D 

■^ ' ' Breadth of Transyersal 6 ' ^ ' 

Mean Sectional Velocity. V =~7 tt* o — r: — ^ "i" i ..•••••••PJ* 

' Area of Cross-Section A 

The importance of these quantities consists almost entirely in their 
use as a Step towards computing the Cubic Discharge. 

[The only Transversals experimented on were those at Surface, Mid-depth, and 
Bed ; when neeeeeary to dUtinguUh these the symbol U is written Uoi Uig Un 
respectiyely]. 

% Arithmetie Mean too emall-^Fat the same reasons as in Ch. XIV, 2, q,v^ 
the Arithmetic Mean of the yelocity-meafpirements (of each kind) past the seyeral 
yerticals right across the channeli would give— an approximation of oonrse, bat— 
usvaUif too email a result 

[This course seems to haye been used in the Mississippi Report (eee Tables, pp. 
237, 240, 242 thereof) in the case of the 5-foot depth Transyersal]. 

8. Mean Velocity Variation small.— It is dear that the Mean Velo- 
city past a Transyersal, and the Mean Sectional Velocity being the means 
respectiyely of all yelocities past the Transyersal or through the Cross- 
section, their yariation must be some sort of mean of the yariations of 
the indiyidual yelocities, so that in fact* 
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** The Mean Velocity past a Transversa], and Mean Sectional Velocity are less 
variable from instant to instant than most of the individaal velocitiea of whieh 

they are the mean '^ ^ • ' (8). 

[An examination of the line 9 of <' Ranges" of the Telocities thronghont DeL 
Tab. XXIX— XXXni, and XXXIV— LVI will amply confirm this]. 

3a. Mean Velocity past a TraTisversdl not constant, — It is indeed quite 
possible that the variations of the indiyidnal velocities past a Transversal 
might nearly balance, so as to leave the Mean Velocity past a Transversal 
nearly* constant. As far as can be jadged from the present Experi- 
ments this is not the case, or in other words — 

^The Mean Velocity past a Transversal varies sensibly from instant to in« 

stant", ..(4). 

[A glance down the Colnmn of U in Tab. XXIX— XXXIII will show at once 
considraable variations in magnitude even in sncoessive Ssrrs in the same Sebibs. 
The AVERAGB value and ** Range " of U in each Series are given in Abstr. Tab. 1 8 : 
the Ranges will be seen to be pretiy large fraeHons of the whole quantity, even as 
high as *68 in 4*06, or 15*5 per cent, (Scr. 58.) 

This evidence' is not so strong as might appear at first sight, inasmuch as much of 
ihu variation can be traced to Change of External Conditions. Perhaps the only 
fair Test is the comparison of sueeesiwe BeguHs of the same day*$ work^ in which 
it may be fairly assumed that the External Conditions (except Wind) remained 
tolerably constant There are many cases of this sort (viz., of several Sets of work 
done in one day) throughout these Tables, the discrepancies between which are so 
great as to fairly establish the above Result]. 

Sb. Mban Sbotional Vblooitt constabt.—- It being assumed (Ch. 
XIX, 18) that the Oabic Discharge is constant from instant to instant, 
so long as the Conditions remain constant, t. «., with constant water- 
level, and constant state of Supply into and Withdrawal from the Reach 
producing constant Sarface-Sbpe, it follows that (the Area thus also 
remaining constant)— 

** The Mean Sectional Velocity is constant from instant to instant 'V (5), 

and is thas not subject to the instantaneous variation which the velocitiea 
at individual points undergo, or in other words is technically Stbadt : 
it is thus unnecessary to speak of an Avbbaob value of it in the sense 
in which the term Avbbaob Vblocitt has hitherto been used. 

But whereas the Cubic Discharge is directly affected by every change of 
water-level, from the consequent change of d^th, such changes do not 
affect the Mean Velocity when the change of Conditions is insufficient to 
affect the velocities generally, so that — 

" The Mean Velocity is constant in a higher degree than the Cubic Discharge "X^}. 
• This opinion was haaardcd-as to Mean Sarfaoe Telocity— in tbe 1874-7« Report, (Art. 30,) Imt 
it MGQis more probaUe now that the eridence was inmflkdent. 
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[(keat Bse will be made of this property (5) in the sequel (Chap. XXI)in testiiig 
the accuracy of the work. It may be objected that the Ezperimenta apparantly 
contradict this, in that the Mean Velodiy-measiuement CV) flgnred in Tab. XXXIV 
— LVI Tazies considerably in magnitnde even in sncoeaaiye Sets of the same Series, 
and in some cases even in sueeeitive SeU 0/ the$ame day. See Art 5below as to one 
chief cause of this : the Discnssion is howeyer a wide subject, and occnpiea the 
next Chapter. Meanwhile it may be noted at once that the Tables at any rate show 
the yariation of Mean (Sectional) Velocity-measnrement to be less than that of iht 
details (Mean Velocities past many yerticals in the cross-section) from which tiiej 
were obtained, (compare Resolt (3) abore)]. 

4. PrBSent Mean V6l00iti88.~1^he Discharges (past Transyersals and Cu- 
bic) computed separately for c«ch Set of Telocity work, and shown in Col. 7 of Tab. 
XXIX^XXXm and XXXIV— LVI, enable the Ifean Velocity of each kind 
(U, V) to be computed separately for each Sbt by the proper f ormulao U s D -7- ^, 

V s= D -7- A. This has been done separately for each Set shown in the Tables, 
and the Result is shown in CoL 8* And since the Discharges of each kind hare 
been in every case* computed by the best approzimation-formul» extant, the Mean 
Velocities in question are the leet approtnwMiiane to the true ralues that cmM be 
ohtained from the data, 

ISoldtU Aqueduct Sitee. It has been explained (Ch. XIX, 5a' & 8b) that the 
Cubic Discharge was computed (for these Sites) as if the cross-section were truly 
rectangular (neglecting therefore the slight contraction at the Bed and also under the 
corbelling) by the formulary 

D= Area of Mean Velodty^Cnrre (through full breadth 5')X Full Depth as D. H. 
In computing the Mean Velocity, the Area (A') was similarly taken as if truly 
rectangular, (and not from Tab. VI which contains the true yalues,) t.e., A'= ^'H : 
thus YssD-r- A'=D. H-^5'H=sD.-^6', so that ihtpractieal Rule waa— 

-- Area of Mean Velocity-Curve (through full breadth d*) "! ^^ 

^^ FuU breadth V = 86 feet J -•'"--^ ^ 

6. Hean Velocity-Error^— -The Mean Velocity-meaanrement of each 
kind (U or V) obtained as above is of coarse liable to error similar to 
the Discharge-measurement of same kind (D or D) from which it is 
derived. But, as explained in Ch. IV, 4a, the effect of errors in estima- 
tion of the several Average Depths and Average Breadth is almost 
wholly eliminated, so that the residual error is sensibly only that due to 
error in the primary Yelocity-measuremenU on which the Discharge- 
measurement D or (D) depends. 

This Error is of the same character as, and is also proportional to, the 
similar error in the Discharge-measurement, since IT = D -f- 5, and 

V = D -r A. Thus, in consequence of the Unsteady Motion, a single 
Mean Velocity-measurement (t.e., that obtained from a single Bet) can- 
not be considered a good, but only a Faib value. 

• Bzoept perimpf in theSlde-Spaov, (Ch.ZIZi 7c,)battiieEErori»vodooed in the Meia VoiooitiM 
iiqaitetriaing»(Art.7.) 
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[It will be nndentood that, in the case of the Mean Sectional Velocity, it is not 
the Mean Velocity itself that is subject to yariation from instant to instant, but that 
the measnre thereof (ijo,, the Mean Velocity-measurement) is an imperfect one, in 
iDonseqnence of being derived from non-slmnltaneons Rongh Velocity-measnrementB 
at nnmerons points]. 

6. Practical Bearing.— The practical use proposed to be made of the 
yalne of the Mean Sectional Velocity obtuned as above is partly as a 
Test of the correctness of the work itself (Ch. XXI, 2 — 4c), partly as 
a Test of the snfiSciency of the approximation of certain other modes of 
rapidly obtaining an approximate value thereof (Art. 20b, et aeq.). 

f Very little nse will be made of the Mean Velocity past a Transversal : it is 
printed rather for the sake of completeness, and of possible f atare nse, than of im- 
mediate nse]. 

7. Approximation} Importance of. — It is obvioas that if an ap- 
proximate valae of the Mean Velocity of either kind (TJ, V) conld be 
obtained by any rapid process in the Field, it wonld serve far better for 
practical purposes for calculation of the Discharge (of that kind) by the 
fimdamental formultB— 

D = U . *, D = A . V» (8)» 

than the process detidled in Ch. XVII, XIX depending on the tedious 
Field-work of velocity-measurements at many points in the Cross- 
section. 

8. Hean Sectional Velocity, V.— This quantify is of such great prac- 
tical importance, that an immense amount of labor has been bestowed 
in the search for some rapid approximations to it. These approximations 
have taken two chief forms, one involving only Surface-Slope and Cross- 
section data, the other only Velocity data, and therefore requiring very 

different Field-work, viz., 

l^ Surface-Slope, and CrooB-Section Measnrement 
2^. Velocify-Measorements, (a few. only.) 

9. Relation or Vi M^'tSi — The expression of the relation between 

V and S and quantities such as b, B, H, B, &c., depending only on the 
Site by which the Mean Velocity could be computed from Surface-Slope 
measurements (without resorting to velocity-measurement) has long been 
an object of research. A very good summary of the attempts that have 
been made at various times up to about 1858 is given in the Mississippi 
Report, pp. 207-^220. In most of these V is made a function of the 
product BS. The earliest is Ch^y's— 

V = . V"]^, (»)> 
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in which C is a namerical co-efficient to be determined by ezperimenty 
which was at first supposed to be constant for each Site. Various 
namerical yalnes were assigned to this co-efficient from time to time bj 
different writers, as below, (p. 208, op* ett.)-^ 

Yonng, 84*8 ; Eytdwein, 98*4 ; D' Anboisaon, 95*6 ; Downings & Taylor, 100 ; 

Le&lie, 68 & 100 ; Beardmore 94-2 ; Neville, 92*8 & 98*3 ; Steyenaon, 69 & 96, 
each no donbt suited to the particular Experiments discussed. As the 
data avulable increased, it became evident that in the Gh^zy formula no 
single constant value of O was of any general applicability, and that if 
the formula be used at all, it must be used with a variable co-efficient. 

After various trials of other functional forms^'Some of which will 
be discussed further on — some of the more modem writers («.^., Messrs. 
n. Bazin and W. U. Kutter) have reverted to the older form, and en- 
deavored to construct a formula for the value of the co-efficient O in terms 
of the cross-section data (B, &c.) and surface-slope. It seemed therefore 
worth while giving this formula (with variable co-efficient) an extended 

trial. 

From the excessive smallnesa of S (rarely exceeding *0005) in Open Channels — 

when not torrents— the quantity VRS is inconveniently small for tabulation : the 

quantity 100 ^BS is on the whole far more convenient (for tabulating), and is indeed 
in many cases itself a rough approximation to the Mean Velocity, and is in all caaea^ 
as far as yet known — a quantity at any rate comparable (in magnitude) with it For 
these leasons, the Ch6zy formula is written in this Work in the modified* form—- 

V = C X 100 VRS, or V = C . w, where i» = 100 VSsJ •^(10), 

and the quantity w = 100 VRS will he treated at a (computed) velocity, 

[The experimental values of V, and of the oo-effidents connected will first be dis- 
cussed, (Art 10— 19b,) after which the subject of approximation to value of V by 
formuks will be taken up again (Art 20). 

10. Experimental Be8earch.<— In these Experiments data have been 
obtained on a very extensive scale for three rapid approximations to the 
Mean Sectional Velocity. In fact the whole Experiments may be said 
to have been directed to this end, all that preceded being preliminary 
investigation leading up to it : it was throughout the one important prac- 
tical object hpt in view. 

The three approximations in question depend on the following Field- 
work, viz., measurements of— 

1«, C^tial Mean Velocity (Uo) ; 2», Central Surface Velocity (tg ; 

S^, Surface-Slope (S), 

* foggvted in Jackson*! *^ Canil and CnlTort Tabl«*'i 1879, p« 8, 
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the approximation being intended to be made by the application of cer- 
tain '^ rednction-co-efficients " which will be denoted by c, c, C, thns— 

P, V = c.Uo; 2», V=c.»o; «•, V = C.«, (11). 

The experimental research becomes in fact ultimately the preparation 
of experimental vaiuea of the co-efficients <;,c,0 computed from the ex- 
perimental values of V* Uq, t^^, w by inversion of the fundamental equa- 
tions above, viz., — 

r, (^ = V-rUoi 2®» c = V-r»ol 3*, C = V-r»r .^^.(12). 

[Note that the symbols tJo, v^ are used in this Chapter with two distinct meanings 
each, according to the style of velocity-work discussed, thos^ 

Felocitiei past a Trantnersal, t Vo denotes Central Velocity (on the TransTersal). 

{Surfaee, Mid-depth or Btd)^ 1 Uq n ^^^^i Surface Velocity. 
Mean Velocity rvork, v^ „ Central Surface Velocity, (Art. 12a.) 

„ „ U^ M Central Mean Velocity, (Art. 11.) 

The context will generally show which is meant, thns : in connexion with V they 
always have the latter meanings]. 

10a. Bboobd Ihpbbfect.— >lt was nnfortanately impossible to obtain the data 
of aU foor qoantities V, Uq, Vq, S complete on oTery occasion ; stress of weather (and 
sometimes other causes) often interfered. Thns high wind affects the smrface of 
the water so mnch that, when these systematic Experiments were first begmi, it was 
thonght undesirable to measure the Snrface-Slope when the air was not almost calm, 
or the Central Surface-Velocity when the wind was high. The Discharge-measure- 
ment Field-work (which includes both V and U^, see Ch, XVII, 7) was on the other 
hand carried on constantly eyen in pretty high wind. Thns^ 

''With eveiy V there is a U» available, but the numbers of v^, S available are 
far fewer". 

Thus the data for the ratio o = V -?- Uq inehde the whoU of the Sets of 
Det Tab. XXXIV— LVI, whilst those available for the ratio C s V -^ w an 
far fewer, and those for the ratio c = V -r ^o ^re fewer still. For this reason they 
could not be conveniently arranged in a single Tabular Form. The data for the 
ratio e have accordingly been abstracted into one group of Tables 1 4 — 18 (jet 
Art. 11a), whilst the data for the ratios c, C have been combined into the Compari- 
son Tables LVIU— LXX, and 20—22 ^ explained below (Art 12c,e). 

[This deficiency of the record of Vq, S affects the Roorkee Reach chiefiy ; it scar- 
cely affects the work in the Belra, Jaolf, and Eamhera Reaches at all. For details 
of this as far as concerns S, tee Ch. VII, 8 — 8c]. 

10b. Mean V elocitt past a Tbansvbbsal, U.— For the sake of completeness 
a ''reduction-co-efficient"* (c) similar to the above has been computed connectiug 
this Mean Velocity (U) with the Central Velocity (Vq) past the same transversal, 

so that'-' 

U = c.»^, ^.(13), 

although but little use has been made of it, (Art 6.) 

* To pnaorvB the analogy of notation of oo-effloienta above, tlie Bsrmbol uaedfor tlria co-«flBdflnt 
Bhonld have been c, not C* Tab. 18i and PI. ZLin containing it were printed off belore tbla WM 
noticed. This ia of little importance, aa the <* co-efliclent " is not discossed below. 
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1 1. Oentral Velocitj, (v^, Uo).— This qnantitj has been defined (Ch. 
IV, 8) AS the— 

** Forward Telocity paat the centre of an j TransrevBal ", 

the most important one being of conrse the Central Mean Velocity (U^)} 

or Mean Velocity past the centre vertical. 

In the systematic measnrement of velodtiea past a Transrersal (as snrfacey mid- 
depth, bed, or mean), the Telocity at centre (v^ or Uo) was always measured as pari 
of the regular Field-work (Ch. XVII, 7), and is entered in the centre Snb-Colnmn of 
CoL 6 of all the Detailed Tables of snch work, XXIX— XXXin (for v^), and 
XXXIV— LVI for U«. 

[Each snch Central Velocity-measurement is therefore— by the custom of repeating 
each obsenration thrice — the mean of only three distinct obserTations, or what has 
been called a Bough Veloeity^meaiurement ; whereas CTcry Mean Velocity-meaaiire- 
ment has been explained to be a Fair measure of that quantity. Thus the two terms 
entering into the Talue of the ratio are of Tcry unequal precision. This could only 
haTe been obTiated by repeating CTcry Central Velocity-measurement 50 times, so as 
to secme its Average value. Unfortunately the idea of using this ratio did not occur 
to the Author till after the Field-work was closed]. 

11a. Abstbaot Tables, (IS — 18). — For ready reference Abstbaot 
Tables of the chief data and Results have been formed as follows :— « 

B^^V^^^^' "^ } Al-to. T.b. 18. from Del TA. XXK-XXXm. 

Mean Velocity work, Abstr. Tab. 14— 18» <rom Dei Tab. XXXTV— LVL 
Each Series containing more than one Set is summed up in two lines as follows : — 
The upper line shows the Mean Results of the Series. 

The lower line (in old broTier type (*18)) shows the ^ Ranges" of the details. 
The details abstracted are (those on which the ratio of Mean to (}entral Velocity 
may be supposed to depend) the following for each Series :— 

Number of Sets, Material (and sometimes Length) of Instrument ' 
Means and Ranges of A or H, R, d, Fj, Fg, F,, S, and Mean Wind. 
Means and Ranges of v^, D, U in Tab. 13, and of IJo, D* V in Tab. 14— 18- 
Lastly, the Mean Talue of the ratio e = U -7- I'ot or e = V-^ U« has been com- 
puted for each Series from the aboTO mean values of U, Vq ; V, V„ (not from the 
details) and is given in Col. 8* 

These Tables permit of the rapid comparison of the Average Talues of the Mean 
and Central Velocities, tiz., of U, v^^ c and of V, XJ^t c ; and reference to them will 
often save reference to the Detailed Tables. 

[It would undoubtedly have been better to have given the values of the ratios 0, e 
in detail for everg Set throughout the Detailed Tables XXIX— LVI ; this could 
have been done with one extra Column throughout : unfortunately the desirability of 
this was not seen till these Tables were printed off ]. 

12, Held-work, (for V, Uq, v^j w ; c, c, C).— In order to obtain 
good experimental yalnes of the co-efficients c, o, C, it is clearly neces- 
sary that the Field-work on which they depend, yiz., Measnrement of—- 
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Cable DiBchflxge (D), for obtaining the fcmdamental V, 

Oentral Mean Velocity (Uo), Central Sorfaoe Velocity {v^), Surface-Slope (S). 

fihoald be executed tinder closely similar External Conditions* With 
this yiew the Field-work of all four was always done in as rapid wO' 
cession as possibUj and nsnally in one of following orders : — 
i S, Di Ve ; ii« S (Li Bank), J), v^ BCBi. Bank). 
iiL S (L. Bank), Half of Di Vo, Half of Di S (B. Bank). 
It. S (L. Bank), Half of D, v^ Half of Di 8 (R. Bank). 
Alflo a Central Mean Velodty-meamirement (Uo) was necessarily made at the 
middle of CTCiy Discharge-measorement (as part of the Field-work thereof, Ch. 

xvn,7> 

[It will be seen that a Slope-measniement nsnally preceded the rest : this was to 
take advantage of the early morning hours whidi are nsnally the calmest ; bnt if there 
was a high wind at first, the Sl<^>e-measnrement was oftoi pnt off on the chance of 
the wind falling. Similarly the Central Surface Velodfy-woik was sometimes ad- 
vanced to take advantage oC a calm time of day]. 

12ai Central Surface Vehcittf-measurementf (v^), — When it is pro- 
posed to make the Cabio Discharge-measurement depend on the velocity 
at a single point, it is obviously important to obtain a really good measure 
of the Average value of the latter. 

Accordingly every (Central Sorfaoe Velocity-measnrement (which was intended 
for nse in this way) was repeated 48 Hmee (24 times by each Observer as Time- 
keeper) : the mean of these is therefore an Average Central Surface Velocity-mea- 
snrementy in the sense of Ch. VI, 5, freed of the Observers' relative personal equa- 
tions ; these AvBBAGB valnes are the anijf quarUUiee printed for comparison with 
the Mean Velocities, (all the details from which they were obtained being omitted,) 
see Ck>L 4 thronghont Tab. LVni— LXX. 

The Gauge-Reading and state of the Wind were always noted jnst before and jost 
after each Set of 48 snch measurements, so that each snch piece of work is a Sir 
complete in itself in the sense used in cL VI, 12, q. «. 

[It will be seen that as both terms of the ratio IT -r- t'o depend on abont the same 
number of distinct velocity-measurements, eaeh is of about equal preoieion], 

13b. Surface-Slope Measurement^ (S).— For detailed explanation of 
this, see Oh. VII, 2d, e, 8 & 8— 8c. For convenience of printing, the 
abbreviation to has been introduced for the expression 100 \/^. 

[There is some doubt as to the relative precision of the two terms of the ratio 
V-r V. From the delicacy of the Snrface-Slope measurement (Ch. VII, 2b), it 
appears to the Author that the term v cannot be eaopected to be of nearly equal 
preeiiUm with V]. 

12c. Co-BFFioiBNTs c, C, (Comparison Tables LVIII— LXX).— 

The data for ready comparison of the three quantities V, t;^, ti;, and for 

computation of their ratios (c = V -^ v^, C = V -j- ti?), have been 

collected together in Tab. LVIII— LXX : these will be styled Dbtailbd 

2b 
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CoMPABisoN Tables to distiDgnish them from the preceding Detailed 
Tahles XXXIV— LVL 

They are divided into 5 Main Colomns, each containing the whole of the data 
of one Bort of work. Thos— 

GoL 1 contains the date, (naed for reference.) 

Col. 2 » 99 data showing the state of Control, and Sorfaoe-Fall. 

^1-8 •» n » for the Rod-Velocity Result V = D -^ A. 

^^'l' 4 n 99 99 99 Central Surface-Velocity, (Vq,) $ee Art, 12a. 

Col. 5 M 99 99 91 Surface-Slope Result, m, sea Art 12b. 

For explanation of the details in each Main Colnmn9 see Vol. n, p. 115 (the page 
preceding the Tables in question). 

Each line of these Tables shows a Set of various data collected in as rapid sue* 
cession as possible, (Art 12,) complete under at Uast two of the three heads Vi fe» Vy 
(Cols. 8, 4* 6), ▼!«.— 

V» (Col. 8,) complete throughout 
Vd (CoL 40 incomplete at SoUnf Sites. 
99 99 complete (with trifling exceptions) at the other Sites. 
Wf (CoL 5,) complete (with one exception, Ser. 195) at all the chief Sitea. 
Thus CoL S Ib an Abstract of the chief Data and Results, via.— 

R, Variation of water-level, h, /, Wind, Timekeeper, D> V9 
from Det Tab. XXXIV— LVI, viz.,/or those Sets only for which the data for 
either v^ or n were also collected, (as above shown.) 

The experimental values of the ratios C9 C are given on the right hand of Cola 4* 
5» separately for every Set (in which the data are available). 

Such Sets as were done at nearly same water-level9 and do not differ greatly fh the 
Mean Velocities Cf)t &e., are grouped together into one Series, nearly as in the De- 
tailed Tables. In a few cases only some of the Series of the Detailed Tables have 
been combined or broken up into smaller Series : but in every case the Series in 
these Tables bear the same Serial Nos. as in the Detailed Tables to enable ready 
reference to be made. 

12d. Abgument, Hydraulic Mean Depth, — The entry of the hydraulic mean 
depth (R) being essential in these Tables, (at any rate in Col. 6 for the computation 
of the quantity 100 VRS,) it seemed to be the quantity most convenient to choose as 
the leading entry or ** Argument " of each of the CoL S, 4^ 6. 

From the length of time taken in each separate kind of work, (Slope-measurement, 
Rod-velocity work9 Central Surface- Velocity work,) it often happened that the waler- 
level changed in the course of the worh in such a way that the Average Water-Level 
(and therefore also the Hydraulic Mean Depth) of each kind of work done in sno- 
eession according to the scheme of Art 12 differed somewhat : it has therefore 
been necessary to give the hydraulic mean depth (R) separately for each kind of 
work in CoL 8^ ^ 5. 

[The difoenoe of hydraulic mean depths in question seldom exceeded *02, but it 
has occadonally amounted to from *08 to *16 when the Canal was not in train, see 
Ser, 119, 124, 1379 IS89 I5S9 1559 1589 174]. 

The Rod*velocity work (Col. S) has been considered to give the fundamental 
values of Mean Sectional Velocity. For this reason the several Sets of each Series 
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have been arranged generally according to decreasing hydraulic mean depth of 
CoL 8^ which therefore forma the AsauMSNT of theae Tables. 

[The Gange-Beadings not appearing eesential in this inqniiy hare not been print- 
ed in these Tables. They can be fonnd at once, howeyer, by comparison with Tab. 
XXxIV— LVI by inspection for CoL 8^ and by applying the chimgo of hydranlic 
mean depth as a oonection for CoL 4^ 5]* 

12e. Abstract Ooxparisoh Tables, (Tab. 20— 22)w— These Tables 
have been formed for the sake of ready reference from the Detailed Com- 
parison Tab. LVIII— LXIX. 

Each Series containing more than one Set is summed np in two lines as fdUows : — 
The upper line shows the Mean Results of the Series. 
The lower line in old breyier type OlS) shows the Ranges of the details. 
The details shown are the same as in the Detailed Comparison Tables, iee Vol. 
n, p. 115 (preceding those Tables) ; with following additions :— 

The Numbers of Sets of each kind of work, under heads V, n (CoL 3» 6)i and 
ro (C^L 4) ve figured separately in CoL 1^ 4 respectively. 

The values of the ratios eb» Cb» Ck of Bazin's and Eutter's fonnuls (explained 
below, Art. 21-^23) are printed beside the experimental values. 
These Tables permit of the rapid comparison of the Average values of V, 0o> *^i 
e, C : reference to them will often save reference to the Detailed Tables. 

12fi Record of v^ ineomplete^-^VioTa the incompleteness above noted of the record 
of r^ (especially at the Sol&nf Sites), it follows that — although the values of V, o^ 
fr, c, C ^ the same Set are of course always fairly interoomparable — the Ranges 
and Means of v„g of a whole Series are often (especially at the Sol&nf Sites) not 
fairly comparable with those of V> v, C, vizw, whenever the latter are obtained from 
a larger number of data than the former, with conditions perhaps varied. These cases 
are marked as follows :— 

Det. Comp. Tab, (LVm— LXIX).— In all such cases the Ranges and Means of 
the Main Column 4 <ure queried (?) ; and the Number of Sets figured on left hand of 
Table (as '* Means of 6 ", &c.) must be held to apply only to CoL 8, 6* 

Ahitr, Comp, lab. (SO'^SZ)**"^® Numbers of Sets available under the heads 
of V, fp, (CoL 8, 6) and To, (CoL 4) are figured separately in CoL 1^ 4* 

IS. Velcoity-Variation, Diaobams, (PL XLIY— XLIX).— In or- 
der to trace readily the mntnal dependence of the principal velocities 
(IT, Vq ; V, Vq, w)f and also their dependence and that of the ratios o, 
on the External (Conditions, such as Depth, Control, Sorface-Fall^ Sor- 

face-Slope and Wind, Diagrams have been formed— 

Central and Mean Surfaoe-Velocity-Variation (p^ Uq), F1. XUV. 
Central Surface and Mean Velocity-Variation (v^ V), FL XLV— XUX. 
f So few data (only two Series each) were available for the Mean Mid-depth and 
Mean Bed Velocity (U^, and U^) Variation, that it was not thought wortii whUe 
publishing similar Diagrams for them]. 

These show the velocities (IJo, t^ ; Yt Voi ^)f the Discharges (D, D) en which 
Uo, V depend, the ratios (c, C), the Surface-Falls (Fp F» F,), Suif«»-Slope (S), 
Average Obstruction (h) at Tul of Reach, Withdrawal by Distnbataries (Q)*-(or as 
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many of these data as were arailable in each case)— plotted as ordinates to the 
hjdraulie mean* depths (B) taken as abscisses. 
The state of the Wind is plotted as explained in Ch. V , 21d. 

The plotted points of any one kind haye been joined nsnally bj straight lioes 
(or by onrved lines if necessary for clearness) between successive ordinates, thus 
forming a sort of Cnrve of each quantity, made np of short straight lengths (and 
thus free from any bias of the draughtsman). For clearness' sake these Cnrres are 
drawn in different styles of clear and dotted lines. The Cunres are drawn contina- 
ous only through actual plotted points on these ordinates ; wherever a plotted point 
is wanting, the Curve is broken off at the crossing with that ordinate : breaks 
in the ordinate«lines'are made for sake of distinctness whenever the curves cross 
them at very acute angles. The same Scales have been used as far as possible 
throughout 

For full details of symbols, scales, styles (of Curve), &&, $ee the Ezplanationa 
on PL XUV, XLV, and Notes on each Plate. 
The diagrams have been prepared from following data :— 
PL XLIV, Surface Velocity-work, from Abstr. Tab. 18- 
PL XLV— XLVm, Mean Velocity-work, from Abstr. Oomp. Tab. 20— 2S- 
PL XTjTX, Mean Velocity-work, from Det Comp. Tab. LXIX. 
Thus these Plates show Mean or Detailed Results as follows : — 
PL XLIV— XLVm show only Means, one ordinate heing aUotUd to ecuih Seriet, 
PL XUX shows Details, one ordinate being allotted to each dsty*$ work, 
(i.e., usually to each Sbt, or to the mean of two Sets done on same day). 

[To enable the relations between V, Uq and the dependence of Uo, c on the Ex- 
ternal Conditions to be traced out equally readily, curves of Uq, e should have been 
superposed on all these Diagrams, or dse a special Set of Diagrams should have 
been prepared. The present Diagrams were, however, printed off before it was 
decided to include the quantities Uq, c in this Research, and after drawing out in 
MS. the special Diagrams required, it did not appear worth while to publish them ; 
they cover of course the same space as the present ones]. 

14. Velodty-^jonnexioii,— The Abstr. Tab. 18, 14-18, 20-22 Bhow that- 
*< There is a general eort qf agreement in the variations of U, v^ ; V| U« ; 

Vy ^09 ^9 ^^^ increase and decrease being generally concurrent ", (14). 

The Plates (^StUV, and XLV— XUX) also show this at once for XJo, v^ and for 
V> f 0} ^f hy mere inspection of the curves, the larger saliences and depressions oc- 
curring generally on the same ordinates ; this agreement, however, by no means ex- 
tending uniformly to details. 

This departure from close agreement is also rendered evident by the irregularity 
of the variation of the ratios c, c^ C in the Tables, and by the irregularity of the 
curves of o, C in the Plates. 

16. Velocity-variation.— A mere glance down the U, v^ ; V, Uo 5 V, »•» » 
Columns of Abstr. Tab. 18^ 14—18, 20—22, ^^ '^^ ^^ ^o* ^e ^^ Vi ^oi ^ 
Curves in PL XLIV & XLV— XLIX will show at once that— 

• In conf onnity with the Rule (Art. 12d) tar the Camparieon TU>les, the hydnralto mean depths 
ol the Rod-yelocity-work— which form the *' Axgnsunt" of the Tablee— have been adopted as Ah* 
fOianin^LZLV-ZUX. 
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^ The velocitieB (U, 0o '» V» U^, Vo, w) decrease generally (in absence of other 
inflnences) with decrease of depth '% ..«•••.•.•••.••. .^...CIS). 

[This ia especially evident at those Bites where the Range of Depth was greatest, 
see Abstr. Tab. 16—17, and PL XLYI, XLVU]. 

It is eqnallj dear that this decrease is very irregular^ so that the Telodties must 
obyionslj depend in on imporlaiU manner on some other elements, saj on the Saifaoe- 
Gradient, state of Control, Wind, &c The Plates show a very general ooncnrrenoe 
of the larger saliences and depressions of the Carres of velodtj (U^ v^ and V, ^o) 
with some one or other of those of Surface-Gradient, (F|, Ff, F„ 8), and contrariwise 
with the depressions and saliences of the Carre of ObstmctiQn at Tail (i), so that 
it may be candaded that— 

** Increased Sarfaoe-Gradient generally increases Telodty *\ (16), 

and 

<< Increased Obstruction at Tail generally decreases Telodty" (17), 

[tee espedaUy Ser. 131 to 189, PL XLV ; PL XLYI A; XLVn, jNUnm]. 

Inasmnch as the Sarface-Gradient is itself determined by the state of Control, it 
seems admissible to view the ydodty as dependent primarily on the Sarface-Gra- 
dient, and only mediatdy (ie., throngh the Gradient) on the State of ControL 
Summing np then, it may be said to be dear that — 

** The Telodties (U, Vq ; V| U^, Oo) increase with increase of dther Depth or 

Snrface-Gradient, and decrease with decrease of dther ",.-...«.«......m......«...(18). 

Moreorer, the Diagrams show that the change of Telodty due to change of Sorfaoe- 
Slope is liable to be as great or even greater than that dae to change of depth : so 
that the state of the SMrfaee-Slope is sometimes a su^e important element in 
determining Tdodty than the depth of water. 

[This has an important practical bearing in showing that Dischaige-Tables most 
necessarily be of double entry, eee Ch. XIX, 21]. 

16. Wind-effects — It is by no means easy at first sight to trace 
the effect of Wind in accelerating or retarding ydodty in the Dia- 
grams. In the first place it is dear that only the up-stream and 
down-stream portions of the wind can be expected to have any direct 

eject in this way. 

On examining PL XLV— XLVHI which, it will be remembered, show only 
** Mean Besnlts ", it will be seen that— except at the Eamhera Site (PL XLVHI)— 
there are Tery few cases of high np*stream or down-stream wind. 

[The fact is of course that np- and down-stream winds were not the preTailing 
winds at any Site except the Kamhera Site, and farther that each np- and downstream 
winds as did occnr freqaently neutralize each other in great part in forming the Mean 
Wind (Ch. Y, 21c) of a SeriesL Again, the few cases that actoally do occnr (ont 
of the Kamhera Beach) are mostly cases at low-water when there was obstrnction 
applied at Tail of Beach, a disturbing element qnite snfficient to wholly mask the 
smaU effect of Wind, $ee PL XLYI, Ser. 133, 137 $ PL XLYII, Ser. 171, 181]. 

The Eamhera Beach, howeTer,wiU be seen (PL XLYIU) to supply seTcral cases of 
pretty high down-stream (aboat NNW.) wind : bat on examining the curree of y 
and Pg thereon^ no effect whatever ie visible. It would appear probable then that 
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the effect (if aoy) must be small, and is probably hit nght of in the Mean BesuU$ 
of Series. 

16a. Wind-effect, Eamheba Beaoh, (PL XLIX).— The only way 
of tracing the effect appears then to be to compare (not the Mean Resulta 
of Series bat) the separate Besnlts of each day's work. 

With this view Fl. "KUX has been prepared, showing the separate Result ofeack 
day^s work for the Eamhera Reach taken from Det. Comp. Tab. LXIX. The state of 

the Wind is shown at both beginning and end of each Set bj blnnt arrows ( 1) 

in the former, and by sharp arrows ( ^) in the latter case (Ch, V, 21d). 

[In order to show each day's work distinctly, it was necessary to greatly increase 
the scale of abscissas to i^ foot to an inch (so as to spread ont the ordinates), and 
on the other hand to reduce the Wind-scale to 40 feet per sec. to an inch (to confine 
the Diagram within the page). Similar detailed Diagrams were drawn ont in M9. 
for the whole of the work in the other Reaches, bnt have not been* published]. 

16b. Wind-effect) discussion.— in examining this Diagram, the large scale 
of hydraulic mean depths mnst be carefnlly remembered : the whole Range of this 
element will be seen to be only •91, i.«., from 4''91 to 4''00. There will be seen to be 
small irregularities throughout in the curve of Vi and much larger ones throughont 
in the curve of v^ : moreover, the saliences and depressions of these two curves are to 
a great extent concurrent on the same ordinates, and are therefore presumably gener- 
ally due more or less to the same causes. 

And among these causes, it is clear from the Diagram that the Wind is a jerj 
efficient one in accelerating or retarding the Central Surface-Velocity. 

Let the curve of v^ be compared throughout its extent with the corresponding 
Wind (plotted from the upper Wind-Zero Line) : it will be at once apparent that al- 
most every high value v^ corresponds to a high N. Wind (or wind with high northing 
in it), and almost every low value of v^ to a low N. wind, or calm, and conversely ; 
and that the only case of S. wind (or wind with partial southing) coiresponds to a 
low value of o^, (see the ordinate to abscissa R = 4'40). 

It by no means follows that these concurrences are necessarily wind-effects. Many 
of these cases are no doubt partly ^ (or perhaps wholly,) ascribable to the state of the 
Surface-Gradient. 

[Throughout the range R = 4''40 to R = 4''00 (with two striking exceptions, 
viz., when R = 4'*16, and 4'*08), the saliences and depressions in the curves of v^ and 
S are generally concurrent upon the same ordinates : in many of these cases the varia- 
tion of S seems too small to account wholly for the large change in v^ so that the 
Wind (whose action chances to be concurrent with that of the Surface- Slope) is pro- 
bably an efficient cause herein also ; and, in the exceptional cases (of R = 4'*16, 
4*'e8), is obviously so"]. 

Throughont the range R = 4''91 to R= 4''42, there are frequent cases of saliences 
in the curve of v^ with depressions in the curve of S along with wind with high 
northing in it. In these cases the wind seems to have been efficient in increasing 
the central surface-velocity in spite of the low Surface-slope. 

• The DiagnuDB fur the SoUni Aqnednct asd Embankment Sites wonld be 8' end 9|' long on nme 
scale: bo that their publication wonld have greatly incieaeed the cost of this Work. The Iiiagrams 
of Mean Reeolts, Fl. ZLIV— XLVm, and the aingle retailed Diagram PI. ZLIX, arc considered to 
afioid BQiDolent graphio evidence. 
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The Wind-cfiEoct on the Mean Velocity is on tilie other hand, as might be expected* 
somewhat obscare : most of the irregularities in the Mean Velocity-carre follow in 
fact those of the Slope-corre, so that the nnmber of residoal cases clearly ascribable 
to wind-effect is small, and the magnitude of the effect is also Tery smalL 
[The only tolerably marked cases are as follows : — 
AMcribable apparency to wind onljft see B = 4t'6i, 4'*i2, 4'*16. 
AtcribabU apparently partly to wind, (partly to slope,) see B = 4'*4€]. 

16c. Wind-effecty Obhbbal Oovolusiohs. — ^The following Qeneral 
Conclasions Bcem fair : — 

<* The Surface Yelodty-measnrement is liable to be markedly retarded (under- 
estimated) by high up-stream wind, and accelerated (orer-estimated) by high down- 
stream wind ",.•••- •• •«(19). 

** The Mean Velocity-measurement is only slightly affected— if at all — ^by high 
np- or down-stream wind", ^ - — •••• (20), 

It seems very probable, moreoyer that, in consequence of the liability 

of the Sarface-Floats and of the Rods (or rather of the portions of 

them projecting aboye the water) to be cangbt by the wind— 

" The Surface and Mean Velocity-measurements are more affected by the wind 

than the real Surface and Mean Velocities*', •• ^(21). 

This is probably especially the case with the Surface Velocity. 
[As already remarked (Ch. XII, 4) the chief primary effect of Wind (which is not 
of long duration) seems to be the production of ripples and waves, time being essen- 
tial to the production of any marked translatory effect]. 

From the aboye may be drawn the following important practical Con- 
closion :— 

^ Discharge-measurements depending on Surface Velocity-measurements are liable 
to be markedly under- and oyer-estimated in high np- or down-stream wind ", ..(22), 
and as a consequence^- 

'* Surface Velocity-measurements made in high up- or down-stream wind are quite 
unsuitable data for Discharge-computation'', (2d> 

16d. Gross- Wind. — The effect of a cross-wind (t.6., one blowing 
across the cbannel) upon either the velocity-measnrements or real yelo^ 
cities is yery obscare. 

A cross-wind nndonbtedly causes abnormal Deyiation of Floats not 
much submerged, (especially of Surface-Floats ;) but from the system of 
recording only those Floats (Oh. IV, 31) which ran in '^ fair course ", 
this does not affect th$ recorded ResuUa^ the only practical eff'ect being 
then the increased time required to obserye a giyen number of Floats 
in '' fair course "• 

Neither does it seem to affect the Mean Velocity-measurements 
obtained as the quotient V =s D -r A : for the abnormal water-leyel 
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registered at the Gauge in consequence of high cross-wind affects all the 

Depths (H) which enter into the computed Discharge and Area (Dt A) 

alike, so that any Error due to this is sensibly eliminated {see also Art. 5) 

in forming the quotient. 

In fact the only Error likely to occur seems to be of another hind^ tiz., 

in recording the Besults, the (normal) Mean Yelodty-measurement (V) 

would be attrilmted to an abnormal Oauge-Seading: thus finally— 

''In Telodtj-work hi a high cross-wuid, tilie Mean Velocity-meaBarement Cob- 
tained as aboTe) is not sensibly affected, but is attributed to an abnonnal Gaoge- 
Beadmg", - ^ ^ (24). 

17. Variation of <?•— A glance down Col. 8 of Abstr. Tab. 14—18 will show 
that— 

''The ratio e increases in general with decrease of hyd. mean depth",- (25), 

though there are a good many cases in which this Bale seems masked or even re- 
versed, (see especially SoUnl Right Aqnednct [with Left Aqnednct closed], Tab. 
14 ; and Jaoli Site, Tab. 18.) 

The evidence in favor of theBnle is very strong, as itinclades those cases Tab. 
15—17 in which the Range of depth is very great. The Rule might in fact be 
anticipated as a oonseqoence of the Property of the Mean Velocity Cnrves (Ch. XVII, 
12, vi) of '* Increase of flatness with decrease of depth"; for with increase of 
flatness, it is clear that the Central Mean Velocity (XJ^) decreases relatively to the Mean 
Velocity (V), and their ratio (c = V -f- Uq) therefore increases. 

The exceptions show that the ratio c depends also on some of the other External 
Conditions. The Experiments do not distinctly show what this may be, but from 
the explanation above that "Increase of flatness of the Mean Velocity- Cnrve involves 
increase of the ratio", together with the known property (ib.) that "Coryes of low 
velocity are flatter than those of high velocity ", it would appear probable that— 
" The ratio c should increase with decrease of velocity ", (26)» 

and therefore also (since velocity increases and decreases with surface-slope) pro* 
bably with decrease of surf accHBlope. 

The Experiments confirm this to some extent only ; on looking down Col. 8 of 
Abstr. Tab. 14— 18i it will be seen that any unusually low velocity (occurring 
between higher ones) is frequently accompanied by somewhat higher values of e than 
its neighbors (Me especially Ser. 183, 123, Tab. 14, 16)- The whole "Range" of 
the ratio e is however so small at any one Site, that the effect is obscure, and it seems 
not worth while to attempt to formulate it 

For the same reason also, no variation is traceable due to the nature of the banks 
and bed of Site. 

18. VaTiation of c— The variation of this ratio is still more ob- 

senre than that of c. This was to be expected, seeing that the Central 

Surface- Velocity on which it depends is much more liable to be affected 

by wind than the velocities on which c depends. 

At the Eamhera Site alone is there any distinct change of the ratio proceeding 
regularly with change of depth ; and this regularity (increase of the ratio with de- 
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crease of depth) is onlj existent among ** Ayerage yalnes " of c, (PI. XL V ill,) and 
disappears altogether in the carve of details of c, PI. XUX. From what precedes 
(Art. 16a, b) it appears that mach of this irregularity is dae to wind. 

Again, at the Solimi Embankment Main Site (PL XLVII) there is on the whole 
a distinct small increase of the ratio c with decrease of depth ; masked, however, by 
frequent great irregnlarities. 

No connexion is traceable at the other Site& This want of connexion, together 
with the irregularity noticed, show clearly that other Elements have more influence 
on this ratio than the mere depth has. What these may be the Experiments do not 
distinctly show. The extreme Range at any one Site (only -21, see Abstr. Tab. 82) 
is so small as to make such inyestigation yery uncertain, especially when snch an 
element as the Wind is one of the efficient causes of change. 

19. Variation of C, (PL XLV-^XUX).— The Diagrams show clearly that as 
a general Rule — 

" The ratio C decreases generally with decrease of hyd. mean depth *\ (27), 

Isee Soljinf Sites, PL XLY— XLVIL This agrees with the results of previous 
Experiments. (Messrs. Bazin's and Kutter's formuln for C both make C decrease 
with decrease of R, (see Art 21, 23). At all the other Sites this Rule seems either 
masked or eyen reversed : but these exceptions are neither numerous nor strongly 
marked]. 

The evidence in favor of the general decrease of C with R indndes those cases 
(PI. XLVI, XLVII) in which the Range of R is very great The exceptions show 
that the ratio C depends not on R alone (as in the Basin formula, Art 21), but on 
Bome^of the other External Conditions. 

19a. DflPENDENGB OF G ON 8. — It was thoaght by Messrs. Eutter and 
Gangnillet that G depended on 8 as well as on B, and this dependence 
is expressed in their formala (A.rt. 23). 

This may be illustrated from these Experiments by comparing the Results (values 
of C, S) for same Site, or for different Sites :^ 

1°. At same Site. This is easily done by comparing the Curves of C, S in the 
Diagrams. 

SoIdfU Right Aqueduct, (PL XLVI). The larger saliences and depressions of 
the curves of C, Fj, S are so generally concurrent as to make their mutual connexion 
seem clear. The only marked exceptions are the two Ser. 119 (R = 541) and 
124 : these are of little importance, as they contain only one Set each, and were 
done when the water was very nngteady (rose -25 in 119, fell '22 in 124, see Tab. 
LX,LXI). 

Other Sites, PI. XLV, XLVII— XLIX). There is no such marked eoneurrenee 
of the Curves of C, S at the other Sites. There is at some of them a marked con- 
currence of part of the Curve of C with some one of the Curves Fj, Fj, F„ but it does 
not seem worth following in detaiL 

2<*. At different Sites, The Twin SoUnl Aqueducts are so nearly alike in 
all respects as to be very favorable for this comparison. The Table below 
shows the Results paired together of Series with nearly same valoe of R at each 

Site:-- 

2 s 
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Fair. 


1st. 


Sod. 


Srd. 


4th. 


5th. 


RjkfMmiuMk 


Aqnedncfe. 


L. 


B. 


L. 


B. 


L. 


R. 


L. 


B. 


L. 


B. 


*»ciu>wivw 


Series, 
Sets, 


101 

3 

7.94 

189 

1-048 


108 

10 

7-96 

190 

l'C45 


108 

4 

7-64 

207 

.973 


110 

10 

7.64 

193 

1'004 


105 

2 

7.21 
222 

•926 


112 

3 

7.12 

204 

.999 


106 

3 

6.81 

206 

.933 


118-115 

6 


107 

4 

6-43 

225 

•909 


116 
5 

6.40 
207 
•989 


f Abstract 


Rf ••• 
Sf ••• 
Gf ••• 


676 

205 

1.001 


> Table 

r ao. 



These pairs agree in showing that with nearly equal valnes of R at similar Sites G 
increases with decrease of S. 

The Belra and Eamhera Sites are also fayorable for testing this in another way ; 
thns see Tab. 22-— 

Belra Site. Hange of R, 9-02— 760 ; of S, 208—191 ; of C, ?-771— -747. 
KamheraSite. „ „ 4-84— 4-07 j „ 306—291; „ •779—767. 

It will be seen that in spite of the great differences of R at these two Sites, the 
yalaes of C are nearly eqoaL This shows that the effect of a change in R npon the 
value of C is liable to be entirely masked by a (compensatory) change of one or both 
of the following, viz., 1% Surface *Slope ; 2^ Nature of Site. Now the two Sites are 
fairly alike, being both earthen channels ; the chief differences being (Ch. 111, 14, 16) 
that the Belra Site is nearly thrice the width of the other, and has its banks revetted 
with masonry. The effect of change of width has hitherto been suppoeed to be 
sufficiently allowed for by its inclusion in the element R : admitting this, the Surface- 
Slope seems quite as efficient as R in affecting C. 

Beyiewing the whole eyidence together, it seems most probable tbat — 
'* C yaries with S, in a somewhat complex manner ; increasing and decreasing 

with increase of 3 under different circumstances", (28). 

19b. Depbndbngb of C on nature of Site. — These Experiments do 
not famish mach good direct eyidence of the effect of the nature of Site 
npon the yalne of 0. 

To test this fairly, the comparison shonld be made only between yalues of C in 
Series with nearly the same valuet of R and alio of S, (and moreoyer with the Sur- 
face-Slope measurement made in the eame nay, 1. e,, on one bank or on both banks, 
in both cases,) and possibly also with same Wind, at each Site. But the number of 
such instances ayailable is yery few. The following is an Abstract thereof : — 
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Similar. 



101 

3 



106 

10 



TTnUke. 



154 
3 



193 

6 



Unllie. 



166 



198 



Reference. 



R) ••• 
O, ••• 



7-94 


7-96 


8*69 


189 


190 


229 


1-048 


1045 


•882 



8-65 
281 
•898 



8-26 
228 
•760 



834 
227 
•887 
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Tables 
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These Results agree in showing that, with nearly equal values of B and of S 
(measured in same way), the values of C are nearly equal at similar Sites, and 
(sometimes very) unequal at dissimilar Sites, so that it seems— the number of data 
being too few to generalize certainly— that— 

" The value of C depends probably on the nature of the banks and bed as well as 

on R and S " ^ ^ ....•.(29). 

This apprees with previous Experiments. In Bazin's and Entter's FormuisB al- 
lowance is made for this by varying certain of the so-called " constants " with the 
nature of the bed, (Art. 21, 28.) 

20. Mean Velocity Formnlsa. — The subject of approximation to 
Mean (Sectional) Velocity (V) by formnlte will now be taken ap from 
Art. 8, 9, and discassed in the remaining Articles (20 — 29) of this 
Chapter. 

20a. FOSMUUB iNYOLYlNa S.— Of formulas for connecting V with S» not of 

the Ch6zy type (V= C • VRS, Art. 9), the following old ones are discussed, and 

compared (numerically) in the Mississippi Report (pp. 208—220, 816—319). The 

names of the proposers, and the approximate dates (pp. 187 — 197, ap, oit.) are— 

Dubuat (1786), Girard (1803), DeProny (1804), Young (1808), 

Dupuit (1848), St. Venant (1851), Ellet (1851). 

It will suffice to say that they are all pretty complex in form, and aro all tweeted 
(pp. 319, 822, i^,) from the evidence of SO numerictd comparisons, as not of general 
applicability. 

Also the following newer ones are discussed in nutter's ** New Formula *% (Jack- 
son's Translation, Art. 15 and 25) : — 

JBomemann^Y^" • R • S*, .• (30), 

Baffen\ V = M • s/R • ^S, (/i = 2*425 for metric measures), (31), 

Oauckler's, V = a'. '^R. V5S, whenS > -0007, (32a), 

= /5* . R* . S, when S < -0007 (82J), 

wherein y, a, j8 are '^ co-efficients of rugosity " depending on the 
nature of bed and banks. 
As these are also refected by Herr Kutter after extended numerical trial, as ^ot of 
general applieabUify, they need not be further noticed. 

20b. Formula now discussbd. — Only two formnlffi (of the Chezy 
type) have been thought worth extended discussion here— 

BaxtM'e, V = Ob X 100 \/W, or 0^, w, (Art 21). (38). 

Xutter'e, V = Ck x 100 VKSJ or Ck, w, (Art 23— 23c) (34)- 

It obviously suffices to discuss and compare the numerical values of 
the co-efficient with the experimental value (C) of the same : special 
symbols ((}b, Ck) are therefore assigned to them. 

Two other modem formulae— not of the Chezy type-*are also dis- 
cussed below (viz., the Mississippi Experiments " New Formula", (Art 
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24), and Mr. Gordon's " New Formnia", (Art. 25,) chiefly in conseqnence 
of the importance of the Experiments on which they are based. 

[A formnla for Cable Discharge (Canon Moseley's) waa discnssed in Ch. XIX.] 

The only formnla (known to the Author) for connecting V, v^ is that 

of Mr. Bazin. This also will be discussed below, (Art. 22 — 22c.) 

21. Bazin'S Co-eflt. (Cb).— From his own numerons Experiments in small 
artificial channels, Mr. Bazin considered it to be proved* that C depends chiefly oo 
B, and increases with B in a manner nearly represented by the formula, — 

C. = (a + !)-». or ^ =y rr| USS), 

where a, P are nmnerical co-efficients supposed to depend chiefly on the state of the 
bed, and to a snuill extent only (not expressed in tiie formnla) on the Slope, and 
therefore nearly constant for each Site. Mr. Bazin gave the numerical yalnes of 
Off p for onlyf four cases, to which a fifth (No. V below) has since been added { by 
Herr Kutter. Reduced for use with English feet § % these are as shown below— 



i 
5 


Bed and BAjfrxs. 


YiiLUXa OF C0N8TAST8. 


Condition. 


Bzamples. 


a. 


/J. 


I 

IT 

ni 

IV 
V 


Very Smooth, 
Smooth, • • 
Fair, 
Rough, 
Very Bough, 


PLined Timber, Fine Plaster, 
Bough Planks, Cut Stone, Brick, 
Rubble Masonry, • . 
Earth, 
Detritus, 


•457 
•566 
•731 
•858 
1.20 


-045 

•13 

•6 

8-5 

7-0 



[The advantage of the introduction of the factor 100 into Chfey's formnla will 
now be apparent When this factor is not used (e.ff,, in Bazin's and nutter's Works) 
the values of a, ^ are all inconveniently small quantities, e.g,f '0000045 instead 
of -045], 

The value of this co-efficient (Cb) has been taken out separately for every Sebies 
in Tab. 20—22* <^°<1 ^ shown in CoL 5 alongside of the Experimental value (C) for 
comparison. It will be seen that the agreement it often very poor, (see especially 
the values for the Sol&nf Embankment Main Site at low water, Tab. 21 ; and for 
the Belra Site, Tab. 220 

A portion of this disagreement is due to the mode of taking out the values of Cb. 
For this purpose Mr. Bazin's assignment of numerical values of a, j3 in his four 
Classes has been accepted, and the values of Cb have been taken out by interpolation 
from printed^ § Tables for that Ckus which agreed best with the Experimental 
values, 
A doser agreement might obviously have been obtained by accepting only iht form 

9 Basin Bzpts., p. 1S£, etteq^ t t5., p« 180, it teq, 

X Kntter'B *' New Formnla for Iffeui Ydooitj ", Jaokson'B TtanslAtiOD, Art. 8, 9, 80. 

9 Protefla. Papen on Ind. Bngng., 1869y Yol. V, pp. 883, 894. 
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of the formula, and calculating special valnes of a, fi for each Site to suit the Experi- 
mental yalnes. A little examination of the Resalts given will, however, show— from 
the mode of yariation of the discrepancj (which increases greatlj at low depths) — 
that no such adjustment of the constants (a, /3) would be nearly sufficient to produce 
a good agreement, and that in fact,— 

"The form of the Bazin formula for C is defective ", (36), 

There seems in fact little doubt (Art 19a) that the Expresdon for C should in- 
volve S, and that to its absence the Discrepancies are in great part due. 

[These Conclusions are the same as arrived at in Kutter's Work, Art 6, 7]. 

22. Bazin'S Co-eflt. (Cb).— The following Expression was proposed* by Mr, 
Basin from his own small scale Experiments for the relation between the Mean and 
Maximum Velocity (V, V) through a cross-section :— 

V- V = K VSS, (87), 

where K is a numerical co-efficient, which appeared to be nearly constant* so long as 
RS -^ V not > -001 in metrical measures (or not > *000d05 for British feet ; or, 
in other words, so long as Cb not < '67 also for feet), which, as he remarks, covers 
most practical cases. Within this limit the constant value is proposed* — 

K = U*l in metric measures, = 25-84 for British feet, (87a). 

[The jusidfication of making K constant appears to the Author very doubtful. 
The experimental values in Mr. Basin's own Experiments vary from 224 to 9*9 in 
the fvhole number of 61 cases given, and from 17*0 to 107 even in the 43 selected 
cases in which R8 -r V* not > •001, iee pp. 166, 166, op. eit,"] 

With the help of the fundamental equation V= C x 100 VHS, the expression 
VRS^may be eliminated, so as to exhibit the ratio of V, V, 

thiu, v-V=i|c.V 

lOOC 
wbenoe, V = iooc+25-8i • ^ = Ck . V, — ^ -. (88), 

lOOC 

^^«* «»»= 100C'+ 26-34 • - ^^^> 

It should be carefully noted that this co-efficient Cb is the value of the ratio V-f- V, 
and is therefore strictly availablef only for computing Mean Velocity (V) from 
Maximum Velocity (V) and vice versd. The practical utility of such a Result is 
obviously very small, inasmuch as the real mawimwn velocity does not admit of any 
ready direct measurement A result of much greater practical use would have been 
the determination of the value of the ratio c ^ V -h z'o ^o' computing Mean Velo- 
city (V) ^^ C!entral Surface- Velocity (Vo). 

[It is distinctiy stated in Mr. Basin's Work (Part m, Chaf, I, passim) that the 
ratio sought was that between the Mean and Maximum Velocity. The latter velo- 
city was determined in three different ways, {pp. ciL, pp. 146, 146)— 
1*, by surface velocity-measurement with surface-floats. 
2*, by velocity-measurement at 2 centimetres (= J inch) depth with Pitot's Tube. 
8®, by selection of the greatest velocity among velocity-measniements made at 
many points all over the cross-section with a Pitot's Tube. 
But the measurements Na 2* seem to have been used only as checks on No. 1**, and 

* Basin Bxpti., p, 157. 

♦ Obame that Cb = V-r Vi whilst c = V-r r^ 
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the FtoaMiclocititi taem alto to have tetji rtjectei wheneTer lua than Qie meaaiRV* 
menu No. 3* (tee pp. IS2, 153), so th&t 1A0 /nal Itetulti dtpend ehitfiy on the 
nealaremeHt No. 3°, i.t., on maximiM (not on gnrface) td^ci^t]. 

ggs, Pbacttigal APPLICA.TIOK.— It hu been the practice (in India) to emploj 
the co-efflcient cs bb if it were the same is c, ia., for competing Uean Velocitj (V) ftoia 
Central Sarface-Vefocit;^ (?,), for want of conne of bo; better approximation to tfa« 
proper ralne of 0. ThiB usage is in fact rKommended in the French Acadfimj- of 
Sdeoces Beport* on the Bazin Experts. *i ginng " snfficient accnracy for practical 
ptupoi«E ", and tbe weight of their opiniixi haa no donbt led to general lue in this wkj. 

And, with this naoge, it ie clear that— unce the central snrface-Telodtj ia nsoallj 
let* thiut Iht maaimua velocity — 

"Mean Velocitf^meaaarenients, and therefore also Cnbie Diacharge-meaeare- 

menta, obtained bj applying Bazin's co-efficient Cb to central earfacB velocity- 

meaaarementa (n,) are naually ondBr-eatimated " ....(40}. 

The onlj jnetification for this asage in practice is in fact the sufficiency of the 
approximation. From the general cotuiderable tzteu of the Cabic Discbarge-UeH- 
sarementa of theae Experimeots over those of the official Canal Tables, (Ch. XIX, 
20f,) and from what follows (Art. 22b, c), the approBi»atian tetnu iruvStcienL 

SSb. Cdufabisok op Cb. c— Tbe expression (39) gives the Taloe of Ck ii> 
terms of the other co-efficient C, ao that Tables of Cb may be prepared from existing 
Tables of C (aoch aa those of Ck. Ciu &c). The aathotized (i. >., Baiin's) values 
areof coarse those preparedf from Tables of Ct,(the relation (89) itself beii^ in fact 
due to oameiical comparisons of Mr. Baiin's Experiments), 

Bnt, Inaamnch aa tiie agreement of the coefficient Cb with the experimental valne» 
of C of this Work has been shomi (Ait 21) to be very poor, the agreement between 
tbe " snthoriied " ratio Ck (i. «., computed from Cb) with the experimental valnes 
of a of this Work conld not be expected to be good. There is in fact one/uada- 
awfttaJ difference, via., (tM any Tablesf of Bazin's ratio, and alio Art. 23c). 

" Baiic's ratio Cb increases with increase of B, whereas the experimental valne 

C shows no sign of this ". 

Tbe following Table shows the values of the two rstiae,v[i., the experimental and 
Baiin's ct. for two casea for each Site, vii., tbe two Series of highest and lowest water- 
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ART. 22b— 23. 819 

The Diserepaneies are all in defect (as was to be expected, o. svpra), and are more- 
OTer 80 large (from 6 to 21 per cent) in the Earthen ChannelB, that it maj fairlj be 
said that*- 

** The nnder-estimation of mean Telocity from the nse of Bazin'a ratio c is so great 

in caseof earthen channels as to render it of little practical nse therein 'V (^l)* 

226* Further Comparibon of Cb» c— As, however, this expression (89) is 
the only general one — as far as the Anthor knows^before the pnblic for redaction of 
Central Sarface-yelocity to Mean Velocity, it seemed worth while giving it a farther 
extended trial as tifwidamental relation between valaes of these ratios derived from 
the same eource, e, g., between the experimental values c, C. Accordingly the valnes 
of the Cb have been computed from the formula Cb = 100 C -h (100 C + 25*84) 
with the experimental value of C f«r every Series of the Abstr. Comp. Tab. 20^22> 
and are shown in CoL 4 thereof alongside of the experimental valne (c). 

It will be seen at once that«- 

1^. The valaes of Cb are (with trifling exceptions) all less than those of o, and 
commonly more than 10 per cent, diort of them. 

2®. The valaes of Cb decrease in general with decrease of depth, whereas no snch 
general decrease is observable in e. 

Discrepancy 1^ conld be to a great extent cared by decreasing somewhat the value 
of the (so-called) constant K, (the valne 25*34 may be supposed that suited to the 
particular valne Cb of C,) but the Discrepancy 2* shows that— 

« Bazin's relation Cb = 100 C 4- (100 C + 25*84) between Cb, C is fundamen- 

tally incorrect as a relation between o, C, (where e = V-r- Vo) 'V -(^2).- 

The incorrectness may be due either to the acceptance of v^ for V, or to the assign- 
.ment of a conetant value to K : the data do not show which. 

23. Sutter's Co-eflt. (Ck).— This formula is based on an extended examination 
of modem Experiments on Open Channels previous to 1870. From the discussion in 
Eutter's Work*, it is clear that the co-efficient (C) depends on S as well as on B. The 
formula with the constants leduoedf for nse with English feet is, in the notation of 
this Work— 

C.= (m + -1)4- (6M2 + i^). whe««=28 + :5^. .(48). 

Here/ is a numerical co-efficient depending on the state of the bed, which may be 
styled the << co-efficient of rugosity ", which varies as far as yet known]: from «009 to 
•085. 

This formnla is certainly pretty complex, and computation from it laborious. It 
seems, however, to be perhaps the best empirical formula yet proposed for computing 
the MeanVelodfy direcUy from Slope-measurements, (t. e., without Velocity-measure- 
ments.) 

[Short Tables of the valne of this co-efficient, (reduced from Eutter's Tables for 
nse with British feet,) are given in Jackson's Hjrdraulic Manual, pp. Ixxi to Ixxx ; 
and (reprinted from Jackson's Work) in the Boorkee Treatise on (^vil Engineering, 
Vol XL, 8rd Ed., pp. i to v of Appendix. Extended Tables of the same have also 



• Kntter'8 *' New Formula for Mean Vdodtiy "» Jackson's TnuttlatioD, Art. 7t 
t<*nAxt.81. t<ft»Art.28. 
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been published by the same anthor under the Title of *' Canal and Calrert Tables ", 
(London, 1878,} which give the valaes of Ck by inspection for eight Talaes of f, Tiz.— 

/as 010, -013, -017, -020, -0225, -026, -0276, 080]. 

g3a. Comparison of Ck, C— The Talae of this co-efficient (Ck) has been taken 
ont separately for ttery SsBlBS in Abstr. Tab. 20~~22» <^d ^ shown in Col. 5 
alongside of the experimental value (C) for comparison. It will be seen that tiie 
agreement is on the whole pretty dose, thoagh single instances of rather large dis- 
crepancy occnr. 

This is partly due to the mode of taking out the values of Ck» riz., by interpolation 
from Jackson's large Work (Canal and Culvert Tables), the Tables in which com- 
prise only ih^ eight values of the rugosity-co-efiScient (/) above noted. Those 
Tables were selected which gave yalues of Ck etoeeet to (he ewperimental vaivei 
(C), (without reference to the classification given by the author). The Tables 
selected were those computed for the values of /shown below :-^ 



SlTIi 




^^ f Twin Aqueducts, 
^ I K. Aqueduct (L. Aq. closed), 
"Z j Embankment ( Hign water, 
[ Main Site, 1 Low water,.. 

Belra, 

Jaoli & Eamhera, 



• . 



• • 



Jackson's Tablu or Kurrxa's Oo-ivFicxaBT(<\). 



Olaaiiflcfttlon. 
fJMkaoD'i lUdes. pp. 71-86.] 

Rubble in cement in bad condition. 
Brickwork in Aqueducts in bad order. 
Earthen Channels, in average order. 

in bad order. 

in average order. 

above average order. 

in bad order. 

in average order. 




*» 
II 
II 
fi 
II 



M 
II 
II 
II 
II 



It will be seen that the Classification by no means closely agrees with the actaal 
condition of the Sites (Ch. Ill) ; thus the mode of selection gives on the whole a mnch 
closer agreement than could have been obtained d priori. On the other hand a still 
closer agreement might have been got by determining special values of the rugosity- 
oo-efficient for each Site, and recomputing all the values therewith. The practical 
advantage to be gained did not, however, seem to warrant the great labor that would 
have been incurred. 

gSb. DiscBBPAKCT OF Ck, C— The following is an analyds of the Discrepancies 

showing the number of Series in which the Discrepancy (Ck - C) exceeds 10 per 

cent, 74 per cent, 6 per cent, and 3 per cent, (computed on the experimental value 

C), out of the Total of 83 Series available in the Abstract Tables 20-^). 

Over 10 per cent 13 ; Over 7i per cent 5 ; Over 5 per cent 16 ; I rp^^ 33 

Over 3 per cent 17 ; Under 3 per cent. 33 ; v 

An Abstract of certain data of the 13 cases of High Discrepancy (oTcr 10 per cent) 
is given in the Table following (token from Comp. Tab. LyiII--IiXIV' and 20--S1) 
from which it will be seen that in many of the cases the Surface-Slope measure" 
ment (S), and therefore also the experimental yaloe of C depending on it are not 
nearly so well determined as the rest 
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3S!l 



BOLiHlSlTlS* 



! 



i 



DATA. 



B 



8 



RIBULTS. 




Canses of anoertointy 

In Slope-measnrement (8), 

and in deduced Oo-effloient, (0|. 



Left Aqnedncti 
Bight Aqaednct, 

Embankment 
Main Site, | 



105 


2 


7.21 


222 


-926 


1*032 


107 


4 


6-48 


225 


•909 


1.014 


138 


1 


2.61 


145 


1.803 


1.020 


139 


2 


2.58 


151 


M32 


]*0I4 


186 


1 


8-25 


223 


•760 


•861 


168 


6 


619 


171 


•948 


.824 


170 


1 


4-76 


165 


•550] 


•657 


173 
174 


5 


3-87 


088 


.734 


•631 


1 


484 


125 


•575 


•647 


177 


3 


8-62 


198 


•558 


•618 


179 


1 


311 


180 


•511 


•596 


IBO 


2 


2.25 


148 


.478 


•547 


181 


1 


173 


090 


•852 


•501 



+ 11.4 

+ n-6 

-21-7 
-10*4 

4- 133 
-12^6 

+ 19.5 
-14.0 
+ 12.5 
+ 10-8 
+ 16.6 
+ 14«4 
+ 42.3 



Water fell -12 in one Set 
High wind on 2 days. 

Water rose .18. 
Water feU 'll. 

? 

? 

Water fell .07. 

? 
Water fell .28. 
Water rose ^lO in one Set 

? 
Water rose ^08 in one Set 
Water rose .08, High wind. 



Thna,— 
1^ Most (9) of the 18 Series comprise only am or two Sets, so that the Slope* 

measurements are not good Average valaea. 
2°. The water was unMteady in 8 Series. 
8^. The wind was unfavoraUe in 2 Series. 
4^ Most (9) of the 13 cases occur at low water, a stage at which the water-leyel 

determinations (on which S depends) were not 86 acenrate at the Sites in 

question, as at higher lerels, (Ch. Y, 7b}. 

5^ In all the cases the Slope-measurement was made only on one Baiik, 
' 6^ In most (10) of these Cases the Surface-Slope is vnnsuaUy lore (< .000200). 
This last Result (6°) points to t^e Conclusion that most probably — 

'* In Gutter's Co-efficient the Surface-Slope (S) has not been giyen due im- 
portance", (44). 

28o. Eatter'S Oo-eflt., Cokolusions.— On the whole it may be said that Eut- 
ter's Co-efficient stands the test of comparison with these Experiments fairly well : 
combitittigf this evidence with the very varied evidence fii Kuttex^^ Work, it may be 
ia&rJy said that— 

'^Kutter's Co-efficient is one of pretty general applicability", (4^). 

It will of course be understood from the mode of its derivation (tee Kutter's Work) 
that it is a purely empirical one, 

probable Error, From the analysis of Discrepancies above given, and remembering 
that those over 10 per cent are probably in part due to imperfect determination of the 
Experimental Co-efficient (C), it would seem that — 

''When the Surface Slope-measurement is a ^ooJ tfMra^e, Kutter's Co-efficient 
will give Results whose Error will probably seldom exceed 7| per cent in Laige 
Canals" ^ ^ i...... (46). 

But for this aecnncy, it aeeniB eflsential thst— 

2t 
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** The 8lope*mea8nrement should be done on both banks, always in calm air, imd 

only when the Canal is in train, and should be repeated several times",, -(47). 

And farther, for this accnracy, it is essential that the *' mgosity-co-efScient " (/) 
be properly known for the Site in the firtt imiance. This of coarse can only be 
properly determined by direct Experiment, i.e., by determining a few erperimental 
yalnea of C from which to determine /, either by direct calculation, or by compariaon 
with published Tables. If the value of f be merely selected a priori by comparing 
the known state of the Channel with the published Classification, so close sui ap- 
proximation will be a mere chance. 

24. Mississippi Ezpts. Formalay (Miss. Report, p. 812).— Upon a certain 
theoretical investigation the following formulas are proposed in the Mississippi Report 
for calculating Mean Velocity (V) from the Surfacc*Slope and Cross-Section data. 
With the notation used in this Work, the formnln are — 

For rectangular cross-section, V = ( V/3' + (196 r ^§)* - ^/'^)^ ) ^^ ,^3% 

- ^, -010816 *■ ' 

where 6'= --sb^, 

-s/K + 1-6 
For earthen channels, V = W^^V^^25rJS)^ - ^^D*' 1 (49) 






in which, 



^/ R-h 1-6' 
A 



In these expressions p\ fi*, s/fi\ s/l? are all small quantities which cannot ezoeed 
the following values (corresponding to R = 0) : — 

/3'= -00879, /r=0111, s/'? = '094, ^/3^= -106 (50), 

so that they do not much affect any but low velocities. Thus at high velocities 
these expressions approximate to — 

V = H v'r . A^S, and V = 16 x/r . ^S, .«^.....(61), 

so that they differ markedly from the older expression V = C X 100 ^/iiS in two 
points— 

1", in the change from R = A-^Btor = A-T-((-f-B). 
2*, in the change from s/S to 4^S. 
Below are given the data for, and results of, application of this formula to a fevr 
selected cases of the present Experiments : the cases have been chosen so as to pre- 
sent instances of high and low water-level, and also of high and low Surface-Slope 
as far as available at each Site. In the Table the Mean Velocity value of the for- 
mula is denoted by V% and the experimental value by V. 

It will be seen at once that the values v V) from the formula are in many cases no 
nrt of approKimation to the experimental values. The Conclusion seems in- 
•TiUble— 

<* The Mismssippi Experiments' Formula is useless as a gonoral formula for Mean 

Velocity", ^ (52). 

The same Conclusion is arrived at in Kutter's Work : from the investigations 
therein (Art 5, 6, op, eiu) it seems probable that this fonniila gives as a role fair ap- 
proKimatioos onHy in easts of very low slope. 



abt; 24 — 26. 
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R 


b 


B 


A 


r 


8 


/lor/8- 


▼' 


▼ 


SoUnl Left Aqaedact» • • 


m 


7-94 
6-43 


82.2 
86-0 


106.7 
99-3 


839-5' 4-47 
638-7 3.47 


189 .00352 
225 .00384 


3-25 
297 


4-cXi 
*46 


Solftni Bight Aqnedact, < 


192 

127 


796 

4.02 

•74 


82.1 
86-0 
84-4 


105.8 
92.5 
86*2 


841-8 4-48 

371-9 2 09 

63.2 .37 


190 
278 
113 


•00351 
•00460 
•00721 


326 

2*40 

.73 


4-o6 

3-26 

•60 


Sol&nf Rif^ht Aqnedact ( 
(with L. Aqaednct doaod), \ 


\U 


4.17 
3.68 


86-0 
860 


92-9 
917 


387.1 
3381 


217 
1.91 


025 
473 


-00454 
•00474 


1*30 
2^62 


»a4 
4-83 


SoUnf Embankment I 
Main Site, . . j 


151 

i5S 

181 


9.34 
766 
4.76 
1-73 


170.0 
162-6 
160-0 
1600 


191.1 

179 2 
1584 
151.9 


1784 9 

1873-4 

764.1 

2629 


4-94 

4.02 

2-45 

.87 


'227 
243 
038 
090 


•00416 
.00452 
.00548 
.00761 


.1-84 
3-50 
1.65 
).19 


4*ot 
329 

•44 


J«^«^Mae{gw^*^^ 


isS 


8-65 
8-68 


174-9 
186.9 


180.0 
191-7 


1657-2 
1664.7 


4-39 
4.40 


231 
221 


.00429 
.00429 


3*63 
3-59 


3-9« 
4.1a 


Belra, 


2Qi 
208 


9-02 
7.60 


1884 
186-8 


196-4 
193-3 


1772-4 
1468.8 


4-60 
386 


191 
200 


•00423 
•00458 


3*54 
3.26 


317 
a*9a 


Jaolf, •• 


911 

217 


7-82 
6-32 


192.8 
190-9 


200-2 
1961 


1666-7 
1240*2 


3.98 
3-20 


174 
140 


•00449 
•00489 


3.20 
2.69 


3*96 
3-63 


£amheTaf •• < 


221 
220 


4-84 
4^7 


66*5 
640 


69-5 
67-1 


336-0 
2732 


2-49 
209 


295 
306 


•00543 
-00580 


2.85 
2.62 


a-86 
3-71 



25. Gordon's New Formula.— A new formala for Mean Velocity is proposed 
in the Work* qaoted (p. 42) based upon certain theoretical reasoniDgf which app>eani 
to the present Aoihor defective. It is nnnecessary to discoss this, as it is admitted (t5.) 
that the formula does not agree with Experiment, and that to make it agree with a 
selection of the Irrawaddi and Bazin Experiments, certain empirical changes have 
been made in it The modified formala is — with the notation of this Work, 






.(63), 



where a b depth of " centre of pressare *\ 

II, V are nomerical co-efficients to be determined bj Experiment. 

The empirical changes made are so great that the modified formala is reallj pureip 
an empirical one. The labor involved in the application of this formala is very 
great from the difficalty of calcalating the quantity denoted by 1, It is by no means 
clear even what is meant by the term centre of pressure in the case of water in 
motion. 

[The ''centre of pressare'* meant is apparently (from its definition on p. 29, 
op, eit.) that of hydrostatic pressare npon a plane snrface occupying the position of 
the cross-section]. 

The nncertainty of application of this formala ap^rs so great that — viewing the 
great labor of the compaiation — ^it was not thought worth while to test it 

26. Hew empirical trials hopeie38.-»The great nncertainty of snc- 

• «* Oordon'i H«w Foronla "; for fan Title, iM Oh. I, SI , IM U. 
t in part the Mme m Mt forth in Oh. X, 13a. 



824 



CHAP. XX.— KBAN TIBLOCITT. 



cess in formation of these more or less eippirical formalas, the great 
probability that increased approximation can onf j be obtained by in- 
creased* complexity, and tbe great laborf attending the numerical yerifi- 
cation seem (to the Aathor) to make farther research for an improred 
form of co-efficient almost hopeless from the experimental side, ue.<^ until 
some help as to the proper fanctioaal form can be obtained from Theory. 
Accordingly 7U> new formula is now mgge9te<i. 

27. Ranges of 0, c, 0. — In the absence of any true formula for these 
co-efiScients, that one would probably be the most practically useful which 
was the least wiriabie, inasmuch as less Error would be likely to result 
from using it. It is therefore importf^t to cou^par^ the extreme *' Ranges'' 
(of the experhnental yalaes) of these co-efficients. 

To do. this quite fairly^ it is obviona that the I^aiiges BJhpnlcl be takeip onl)r of raloea 
of the 00-efficients obtaiued t<)gether. It ia anfortOD^t^j impoasible to do this pro- 
perly from the printed Tables inaamnch as — 

P. Detailed yalaea are given only for o, C, (Tab. LVIII— LXX). 

2^. The mean valnea given of c, c, C (Tab. |4-r-18 & 20—22) in Series bear- 
ing the same Serial No. are freqnentljr desiyed[from a different nnmber of 
data (i.0., Sets), e.g,^ in Ser. 108 — 

e depends on 19 Sets (Tab. 16), c on 7 Sets, and Oon 10 Sets, (Tab. 20) 
In comparing the Ranges c, c, C from the printed Tables, it is necessary therefore 
to bear in mind at same time the difference of the nnmber of data available in each 
case ; because, the greater the nnmber of data, the greater is the probability of yaria- 
tion (from the chance of greater yariation of Eztomal Conditions). These are 
bronght toge((her in Table below. 



DeKription of Baoge. 



No. 



Bange. 



No. 



Bange. 



Na 



Bange, 



Rcfwcnoo 
toTabtak 



Bange of detailed valnee in whole Bxperimente, 
Highest Bange of detniled ralaee at one Site, 
Bange of Serial valaee in whole Bxpedmenti, 
Highest Bange of Serial valnee at one Siie, 



681 


? 


381 


•225 


376 


•951 


153 


? 


71 


•215 


92 


•721 


lOOi 


•287 


76 


•224 


83 


•951 


SI 


•216 


26 


•205 


27 


•591 



|LVni— LZZ. 

\ 14-18, 9(M28 
1 &LXX. 



It will be seen that— 

*< The yariation of C is much greater than of or c ", ««..... •. (54a}. 

<< The yariation of c is only slightly greater than that of c *\ (5i^)« 

Farther, from Tab. 20—22 it appears that« 

** Within each Series the Bange of C nsnally (thongh wiith some starikipg ex- 
ceptions) greatly exceeds that of c", ••..••.•........• , ...,,.. ...(54e)a 

* Witnees the nooeedTe inoreaaee of complexity from Cbesy's to Bailn'i and Kntter's Fonnnln. 
t Kntter'i Diaeaaiion of the formola p ro posed bf himself oooopies aa Syo. yolnmeof M pagssr 
(wiihoat showing the numerical detUls of the itepaon wUch^its yerifloatton ia. baiadl. 
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S7a« UsB OF C^ e BBTTIR THAN 0. — It WOold 86601 that in Ul6 pT686nt 

8tat6 of bydranlio knowl6€lg6y {^.^ chiefly in cQns6qQ6nc6 of tho smaller 

Total Ranges — 

^ The Ck>-effioieBt8 c, e are more likely to give fair approximatioB to Meaa Ve- 
locity than the Co^efficient C "» <m,. , ., ^55}^ 

or in other words— 

*' A close approximation to Mean Velocity is more likely to be obtained by ase 
of formnln depending on Velocity-measorement than on Surface Slope-measni^- 

ment", - (55a). 

[Compafe with this Cfa. XIV, IS, wherein a similar Resalt was obtained for the 

case of approximation to Mean Velocity past a Vertical]. 

27b. Use of c bsttbr than o.— Again^it will be seen from Art. 11, 
that the effects of Unsteady Motion have heen very imperfeotly eliminat- 
ed from the ralne of U^, and therefore also from the experimental valae 
of c. Had each velocity U^ heen 48 times observed (Uke v^)^ it seems 
probable that the Bange of c now shown would have been reduced. On 
the other hand the Bange of c would be increasedy if the number of 
data (Sets) available for it were increased to the number* available for c. 
Thus it seems that in a strictly fair comparison— 

" The Range of c wonld probably exceed that of c **, (56). 

This seems likely d priori inasmuch as the central surface-velocity on 
which e depends is largely affected by wind, whereas the central mean 
velocity is probably but slightly a£fected. 

Under these circumstances,, it seems that (possibly chiefly^ on account 
of the uncertainty caused by wind)-« 

*' Central Mean Velocity-measurement is to be preferred to Central Sorfaoe Ve« 

locitj-measarement for use in approximating to Mean Sectional Velocity "|...(57}. 

This last Result, together with Result (55a), are conceived to be the 
most important practical Results of this Chapter. 

28. Velocity-and Slope-Bemlts compared. — The Conclusion (55a) 
that a closer approximation to Mean Velocity is obtainable by actual 
Velocity -measurement than by Surface-Slope measurement is worth fur- 
ther consideration. There can be little doabt that the Mean Velocity is 
in some way conditioned by the Surface- Slope, but the law of connexion 
16 at present wholly wiknoionf the present formulas being in fact purely 
empirical, reUing en no raUonal basisy and therefore only of limiud and 
tmcertain applicability. The connexion between the Mean Velocity and 
any particular Telocity is indeed also unknown, but there can be little doubt 

* The data <<.««, Beli)aYBilabl« for • are fSrteww than for ri«M Art. 161 and 27. 
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that tlie connexion is 9k far more intimate and less complex one than that 
between Surface-Slope and Velocity. IJius it appears from Ch. X, 15 
& XVIII, 2 J that the velocities at all parts of a cross-section increase 
or decrease somewhat similarly with any change of External Conditions, 
so that it may be said that, given any one Telocity, the difficnit problem 
of translation of the yarioas External Conditions into '< terms of velo- 
city " is already done, and the simpler problem left of finding Mean 
Velocity from the given velocity. In other words, the deducing Mean 
Velocity from the External Conditions (one of which is Surface-Slope) 
is an indirect problem, and the connexion is a physical one : whereas the 
deducing Mean Velocity from a given Velucity-measnrement is a direct 
problem, and the connexion is possibly only a geometrical one (depending 
solely on the figure of the velocity-surface). 

Add to this that Surface-Slope measurement is a matter of great 
uncertainty and delicacy — 

Uncertainty. The proper mode of measorement is veiy far from proper! j known ; 
inasmuch as different Slope-Lengths are liable to give different values of the Sar- 
f ace-Slope, (Ch. VII, 6a.) 

Delicacy. This results from the smallness of the quantity to be raeasared^ 
sometimes so extremely small (especially in Large Rivers) as to be less than the 
probable errors of measarement (Ch. VII, 2b,c). 

The fact is that the attempt to compute Mean Velocity from Surface- 
Slope-measurement is generally a working from small to large quantities 
involving risk of large error. The Surface- Slope could in fact (whenever 
very small) be much better^ computed from the Mean Velocity than directly 
measured. 

29. Approximation recommended. — Whenever time and means admit 
the direct process of Discharge-measurement iievelopedf in Gh. XVII 
XIX should be adopted. Some simplification for practical use will be 
considered in Ch. XXII. But when rapid approximation is necessaryi 

Eesults (55a), (57) point to the Conclusion that— 

" For rapid approximation to Mean Velocity a good Central Mean Velocit^- 

Measorement is (at present) the most reliable", (58). 

As the Discharge-measurement is to depend on a Velocity-measure- 
ment at a single point, it is of course essential — in consequence of the Un- 
steady Motion— >that this Velocity-measurement should be a good Aver- 
age one, t.e., the Mean of about 50 trials (Ch. VI, 10). T}i^ proper 

* TbifraggestioDlsmadeinilieB^Bzpts., p. in. 
t The Field-work is ezplalned in Ch. XVII, 7. 
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application of this requires of course a prior hnowUdgt of the yalae of 
the ratio c = V -r U^ ; this heing at present unknown h priarif should 
(properly speaking) be determined by direct Experiment for each Site^ 

thus— 

Stbp I. A few fundamental Cubic Discharge-measnrements (D) shonld be 
made for the Site bj the direct process of Ch. XVII, XIX ; the Average Central 
Mean Velocity-measarements (Uq) should be made at middle of each Discharge- 
' measurement. 

[The Central Mean Velocity-measurements should be repeated about the same 
number of times as the Total number of velocitj measurements upon which the 
Discharge measurement depends, so that both measurements Uo« V ^'^J ^ of equal 
precision, Art 11]. 

8tbp II. The fundamental Mean Velocity-measurements (V) are to be com- 
puted from the above by the formula V = D -f- A. 

. Step III. These will furnish the ** fundamental ralues " of the ratio c to be 
computed as the ratio V -f- Uo. Others can be obtained by interpolation, 
f Without this prior determination of yaloes of e special to the Site, a good ap- 
proximation could not be expected]. 



CHAPTER XXI. 

DISCHARGE-VERIFICATION. 

Frx/teef«— This Ohapter contains a oomparlson of Cnbic Diseharfe-BMamrementB whle^ It is 
known h priori onght to be nearly equal. Hie approximate equality of these is taken to b« a jnoof 
of the oonsiitency of the Results. The most important Articles are Art. 1, 3, 80, 4b,c, 5, 6— 4b, 7a, 
ti Ht 9* 0^ ^^» 10~1S| especially the last three. The Results (Art. 12) aire of great practical 
laportaaoe. 

1 . Sischaise-Verifioation.— The importance of the qQestion of Cable 
Discharge-measarement is so great ia practical Hydraolies^ that it is 
Tery desirable to obtain if possible some rerifieation, or at any rate tfome 
Teat of the degree of accuracy of the Results, as this would afford a mea- 
sure of the suitability of the process used. 

The only Test that can be considered as yet a perfect Test, and there- 
fore a complete yerification, is the receiying the quantity discharged into 
large measuring tanks. This is comparati?ely easy with small channels, 
but is a practical impossibility with large quantities of water like those 
here treated of. Some less perfect Test must therefore be sought. 

It is clear that any process whatsoever that is worth using should 
giye Results which are coneistent with each other* The obyious con- 
stancy of the Cubic Discharge in the following cases,— 
i At the same Site under nmilar Etitamal Conditions, 
ii. At successive Sites in the same channel (between which there is no water 

admitted or drawn off)* vnder similar ExUrnal Conditions, 

seems to be a suitable Test of any process of Discharge-measurement. 
The application of this Test consists merely in the comparison of the 
numerical Results (Cubic Discharges) obtained under similar External 
Conditioner Exact coincidence coald not be expected on account of the 
unavoidable imperfection of the Results, and especially in consequence 
of the effect of the Unsteady Motion of the water thereon, Ch. (XIX| 
19d). Approximate coincidence is all that can be looked for. 

[On acoonnt of the great importance of this matter, snch Verification as is poesible 
of the consistency of the Resolts obtained by the prooen nsed on this work will be 
now diflciused at lengthj. 
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S. Teat i, Siaehaiges at aame Site.— It is obvious that the Dis- 

charge-measarements to be compared should have been execnted under 

as nearly as possible similar External Conditions. Three applications 

will be made of this Test, and will be distinguished briefly as Tests 

iOf Ibf iCf yiz.,— 

Test io. Discharge-measnremeiits in same Series, (Art 8— Sd.) 

TxBT ift. DiBcharge-measnrements on aame day, (Art 4— 4c.) 

TiST 10. Simaltaneoiu Diflcharge-ineasiirBmenta with different Bnna, (Art &) 

9. Test ia, Basalts of same Series.— -It has been explained that the 
several Sets of any one Series are pieces of Field-work done at the same 
Site under as nearly the same External Conditions as the varying state 
of the Canal permitted. 

[The Bange of water-leyel does not exceed '3 in any one Series : the Baage of 
Sorfaoe-Fall ia— thoogh nanally trifling—onfortanately rather large in a few easea : 
the Bange of Wind too ia often large]. 

It suffices therefore for the application of this Test to compare the 
values of the Cubic Discharge within the aame Seriee throughout (Col. 
7 oO the Detailed Tables XXXIV— L VI. 

A rongh sort of agreement will be obrionfi at once : and part of the ajfparent 
want of agreement la obrionslj dae to the difference of water-Ieyel in the different 
Sets of the same Series ; for, aa already remarked (Ch. XIX, 17a), the Diachargea 
within each Series are found to decreaae an the whole with fall of water^leyel, ao 
that if a correction were applied to rednoe all Diachargea within a Series to a com- 
mon wator-leyel, much of the disagreement wonid be got rid of. 

There are, howerer, nnmeroos cases of discrepancy which cannot be ao accounted 
for, yia : — 

l^ Many cases of discrepancy at tame waier4€oeU 

2*. Many caaes in which the diaerepancy ia too large to be aeeointed for by 

the mere change of water-leveL 
d*. Many cases in which the discrepancy is even of oppotite kind, (the higher 
Discharge-measurement corresponding to the lower water-lereL) 

in these laat three cases it is obyioos from the mode of computation of the Die* 
charge-Results that— aa explained in Ol XIX, 17b— the Telocity-factor ia the 
proximate cause of the apparent discrepandea in the Besults ; its change (within 
the same Series) being sufficient to neutralize or eren to reverse the effect of change 
of water-level. 

In canying out this Test in detail, it is obviously desirable to apply the correc- 
tion for change of water-level aa a preliminary, so that the toturce of discrepancy 
may be sought in the other External Conditions. 

Kow it is clear that the actual Dischaige-measuremento (of the same Series) might 
be corrected for both change of water-level and change of aurface-breadth (so aa to 
reduce all the Besulte to a common water-level and surface-breadth) by the follow- 
ing simple proceas :— 

measurement J Actual Area ww^i^t 

= Actual Mean Velocity x Mean Area of Series, (1). 

2u 
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Thna tlie Mean Velocify-measnremeiits are proporti(mal to the aoaght ** corrected " 
qnantitiee, and are therefore iuitahUfor eompariiom in place of then kuter, 

[Thej hare the advantage also of showing distinctlj that the reaidaal discrepancy 
(after applying the correction for change of leyel) really lies in the velocity-factor, 
and the additional (veiy great) practical conrenienoe of being comparatiTelj aoudl 
quantities, so that their examination is easy J. 

8a. Test ia^ Tabui.ation of Results.— a detailed examination of every case 
of Discrepancy would run to enormous length : it will suffice for the present pur- 
pose to examine only the larger Discrepancies. Abstr. Tab. S4 affords the means of 
selecting these cases : it shows 8epantely/0r every Mean Veloeity Series (from Tab. 

XXXIV— LVI)— 

1*, the number of Sets in the Series. 

2*, the highest Mean Velocity (V) of the Series. 

8", the Mean Velocity Bange, both actual, and per cent (upon the highest). 
The entry of the number of Sets gives a measure of the chance of occurrence of a 
high Bange in the Results, this chance of course increasing eaeterU paribus with the 
number of Sets. 

The following is an Abstract of the above, showing separately for each Site, the 
number of Series (containing more than one Set), total number of Sets, maximum 
percentum Range of Mean Velocity, and number of Series in which this Range ex- 
ceeds 10 per cent, and exceeds or falls short of 5 per cent 
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NUMBBB OF SBBIIS 

of High and Low Bange. 



Bange. 
>IOO|, 



Baaga. 



<»»/o 



Solinf Left Aqueduct •• •• 
Solanf Right Aqueduct • • • • 
Sol4n( Right Aqueduct • • • • 

Cwtth Lift AvBwdaofc dfond^ 

SolinI Embankment Mun Site, 
Fifteenth Mile Sitesy •• 

Belra, 

Jaolf 

Kamhera, 

Distributaries, •• •• •• 

Totals, 



7 


45 


7-0 





18 


167 


197 


6 


8 


6 


76 





27 


149 


171 


9 


4 


14 


94 





6 


53 


91 





7 


55 


9-5 





5 


56 


8*8 





6 

78 


14 
559 


61 





• • 


14 



2 

4 
1 

10 
1 
6 
6 

4 
1 



84 



5 

4 



8 
3 
1 

1 
1 
6 

80 



It will be seen at once that in a large number of Series the percentum Range is too 
soudl to be worth inquiry, and that it is exceesiTe (oyer 10 per cent) in only a snudl 
number (14 out of 78). 

Sb« Test ia» Ezcbssivb Discrbpancixs.— it is proposed to limit the detailed 
inquiry to these Series of excessive Range (oyer 10 per cent) In the first place at 
any rate. Abstr. Tab. 26 contains the data for this, being an Abstract of all elements 
which seem likely to affect the Mean Velocity-measurements in question, yiz.— 

1** Grange-Reading, and Variation of same. 

2^. Length of Rod used, (given only for the SoUnf Aqueducts). 

8". Snrface-FaU in each Sub-Reach (Fi, T^, F^), and Snrfaoe-Slope (S). 

40. State of the Wind. 
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The cues to be oompaied are selected ts follows :— ' 
1^ Eveiy **Tery high" mean Telodtj (exceeding the lowest of the Series bj 10 
per cent) is first entered as the " Argument " : also the value of ^^ of the 
same as a guide to the selection of the ** very low " mean velocities. 
2^ Every ^ very low " mean velocity not exceeding -^ of the preceding high one, 
or only the highest and lowest of the same when more than two in number ; 
and in this last case only the highest and lowest values of the several ele- 
ments above-mentioned (vis., /, F|, F;, Fy 8 and Wind) are given : also the 
number of such cases. 
The date is given, as a means of identification in the Det Tab. XXXIV— LYI, 
except when the cases of low mean velocity to be examined exceed two in number, in 
which case (to save space) the reference numbers of each Set concerned are given for 
the same purpose. The number of cases of high (10 per cent and over) discrepancy 
in the Table will be seen to be only* 88 in all. 

8c« Test iat discussion.— On the right hand of the Table is given a note of 
what appear to be the Probable Causes either of the unusually high velocities or of 
uncertainty in the Besults. It will be seen that— 
1*. In every case the Surface-Fall in at least one of th4 Sub-Beaches (usually the 
Upper), and sometimes the Surface-Slope are markedly high with the high 
veloeittee, 
2*. In several cases the use of a Short Rod seems to have enhanced the effect 
3^ In several cases Unsteadiness of the water, and perhaps High Wind have pro- 
duced uncertainty in the Results. 
Thus it appean that in all the cases of excessive Discrepancy the variation of 
External Gonditions was such as to aeeount at any rata iti part for it The mere 
collocation of Sets in the same Series is therefore not sufficient to warrant the cer- 
tainty of close similarity of the External Conditions, so that ehee agreement im the 
Mean Veloeitiee could not he expected, 

8d. Test ia» Rssbabch tedious.— it might be thought deslnble to pursue 
the inquiry into other cases of high (though not excessive) discrepancy, exceeding 
say 5 per cent. The number of such cases is, however, so very large, occurring in 48 
Series ^eee Table of Art Sa), and, in great numbers in some of these Series, (0.^., up- 
wards of 64 in Ser. 109), that the work would be unduly extended. 

[As a preliminary in this direction, a Table was prepared showing the details of 
all available elements affecting the higheet and the loweet mean velocity of every 
one of the above 48 SeriesL From this it was at once seen that the high velocity was 
in nearly every instance accompanied (as in the former case) by a Surface-Fall markedly 
higher (in at least one of the Sub-Reaches) than the Surface-Fall with the lower 
velocity. In other words, the variation of External Conditions was commonly such 
as to account at any rate in part for the discrepancy. 

It seems unnecessary to publish this Table : the above simple statement will pro- 
bably be accepted as sufficient]. 

4. Test ib| Results of same day.— To continae this inquiry withont 

* This is mlly • vtrg tmaU proportioii. Brwj pair of 8«tef within the nme Serin) is In tliic 
Tiew a eompanble pair. Each Series of n Sets yldds of ooorse ) n (ii-l) noh " oompantble xmIib **• 
The Total number of these pain is S,7U (as maj be readUyverUed from Tab. M, which shows in 
one view the nninber ol Sets ia every Sed« herein oonoenied). 
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miming to nndae length, it seems therefore desirable to mske a adao- 
tion of cases in which the constancy of the conditions affecting the rdo- 
cities can be inferred with greater certainty than in the prerioas rough 
selection, simply as being contained within the same Series. 

There is fortunately a pretty large nomber (upwards of 100) cases 
available of two, three, or more (up to six) Discharge-measurements 
made on the $anie day, and generally in dose 8ucce$Hon» This selection 
will probably give in general as close an approach to constancy of such 
of the External Conditions as depend on the state of Control (ezdad- 
ing therefore Wind) as can be ordinarily obtained, 

[This oonttftnqr is, howoTer, by no means nnifomii as the water was undeigoing 

rapid change of lerel on some few of the days in qaestioD. Thia will appear below]* 

As before, it is proposed to examine in detail only the cases of hi^ier discrepancy* 

Abitr. Tab. 26 afEords the means of selecting these : it shows/or nery day on wbich 

more than one Discharge-measnrement was mad»— 

1*, the Serial No. and Date, as a means of identification. 

2^, the Gange-Beading, and the resnlting Mean Velocity for ereiy Dfidiaige- 

measnrement of the daj. 
8", the Bange of the Mean Velocities of the day* 

4®, the per cent Bange estimated on the highest Mean Velocity of the day. 
Tbe sign + or — prefixed to the Range indicates that the ehange of Mean Velo- 
city is of same kind as at of oppoiiu kind to the change of water-leveL No sign is 
attached when the water-lerel remained constant 
The following is an Abstract of the aboTe, showing for each Site sepaistely as 

follows : — 

V, the nnmber of pairs, trios, &c, &c 

2*, the maximnm per cent discrepancy. 

8", the nnmber of cases of discrepancy nnder and OTer 8, 6, and 10 per cent res- 

pectiyely. 
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Aiidh«oagre«tdiiEeNnoewiUbeatoooeobTioiisb«t«aenthe8euid tlia pn?ioiif 
BttoltSy in the far closer agreement of the p resen t Besnlts (done on the same daj). 
In fact in 80 out of the total of 106 gronps, the discrepanej is so trifling (not OTer 
Z per cent) as not to be worth further inquiry. 

[It is true that there are a few cases of ezcessiye Range, (61*6, 22*0, and 21*1 per 
cent) But the explanation of these is oMoui^ in that the state of the Canal was 
undergoing great changes on each of the dajs in question, as will appear below]. 

4a. Test ib> BisoBBPAKass ovkbS pbb gbmt.— The detailed inquiry is now 
limited to the 26 groups in which the Discrepancy exceeds 8 per cent. Abstr. 
Tab. 27 contains the data for this, yis., an Abstract of all the elements which seem 
likely to affect the Mean Velocity-measurements in question, yis.^- 
1®. Gauge-Reading (h or H), and Variation of Gauge. 
2*. Length of Rod used (Q, (only given for the Solinf Aqueduct). 
8*. 8nrface-FaIl in each Sub-Reach (F|, ¥«, F,), and Surface-Slope (8). 
^\ State of the Wind. 
6^ Timekeeper's Initial. 
In this Table the several Sets of the same day's work are arranged In tk§ order in 
which they were executed In the Field, for the sake of showing more distinctly 
whether the water was rising or falling. 

[The Table shows every case of Discrepancy exceeding 8 per cent (and no others). 
This aooonnts for the apparent disappearance from this Table of the groups of 8, 
4, 5, or 6, inasmuch as the Discrepancy seldom reaches 8 per cent in more than one 
or two pairs of such groups.] 

41). Test ib> DiscuSBioir.— Table 27 ^ diyided into two parts, the first con- 
taining all the groups (9) of high and of excessiTe Discrepancy (oyer 6, and over 
10 per cent respectiyely), and the latter all the groups (17) of moderate Discrepancy 
(oTer 8, but under 5 per cent) 

The probable Cause of the Discrepancy is shown in the right hand Column. 

^h Diierepaney, (9 groups, comprising 11 cases each over 5 per cent). The 
tight hand Column shows at once what appears to be the sufficient Cause of the Dis- 
crepancy, yis., that the Canal was ** not in train ", but nndeigoing rapid change in 
eacl&case. 

Moderate Dieerepanefft (17 groups comprising 18 cases each orer 8 per cent) 
The Causes of Discrepancy are here obscure, it will be seen that-- 

1^ In 8 cases the state of the water was too yariable* for accurate work. 
2^. In 4 cases high wind probably interfered with accurate work. 

Most of the 18 Discrepancies are howeyer dose to the lower limit, (8 per ^fo»)Tis« — 

6 of 81, 8 of 8*8, 2 of 8-6, 1 of 87, 2 of 8*8, 1 of 8*9, 1 of 4*0, 1 of 4-6, 1 of 4*8 per cent, 
thus there are only two cases oyer 4 per cent, and 9 less than 8| per cent 

4o. Teet (k ^^ Ducbbpahoiib, (not oyer 8 per oent>— The number of closely 
agredng poire of Results may now be shown, moseorer, to be much greater than 

* TUs ooQld not €f oooxM tlwsjs be reoognbed doling the pngnm of the fkld-work, the 
Control oocoixlng at a diitance. 
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would at fint sight appear from the above Abstract (of Art 4), which ahows a Total 
of only 106 gronpa. This number (106) is, however, really the actual nttmber ofdajf$ 
on each of which two or more Discharge-measurements were made. Now it is 
clear that each group of 8, 4, 5, or 6 Discharge-measurements (done on same day) 
yields 8, 6, 10, or 15 pairs of comparable ralues respectiyely, so that the Total num- 
ber of comparable pairs is thus raised (see Absfxact, Art. 4} to a— 

Total, 84 + 8 X IS + 6 X 7 + 10 + 15 = 190 pairs, 
out of which there is high discrepancy in 11 pairs (due to known causes), and moder- 
ate discrepancy in 18 pairs (partly accounted for), so that there remains a Total of 
161 pairs of Results in close agreement 

6. Test iC| Simultaneous Fibld-work on diffbrbnt Buns.— The 
four Sets of Mean Yelocity-measuTements made at the Belra Site on 
11-2-79 to test the question of the Length of Run necessary for Float- 
work (Tab. LXXI), give further yaluable evidence on this point. 

It was explained (Ch. IV, 28) that eyeiy Rod was timed under four Ropet ta 
iueeesHon, so that the Fioat-yelocities of the same Rod were deduced from 4 differ- 
ent Runs (2 of 25', 1 of 50', 1 of lOO'). The Mean Velocify-measurements resulting 
were ($ee Table)— 

Middle 50' Run, 8*00 ; Outer 100' Run, 2*99 ; Discrepancy := -Ol, or •8 per cent (on max.). 
Upper 25' Run, 2*92 ; Lower 25' Run, 8^ ; Discrepancy = •14, or 4*6 per cent (on max.). 
The yalue of this comparison is in that the Field-work of each Set was begun 
together, carried out together continuously /or svery Ploat'Course, and finished to- 
gether, so that these four Sets were subject to preeUefy the tame Extemai Ctmdi- 
tiane (in eTen minute details), and the Discrepanciea of the Results can only be due to— 
1^ Errors in timing chiefly affecting the Results in the short (25') Runs, 
2^. Unsteady Motion causing different Results in the different Runs. 
The comparatively large (4'6 per cent.) Discrepancy in the Results from the two 
25 foot Runs, and the close agreement between the Results in the longer Runs con- 
firms the views previously advanced that a Run of 50 feet is sufficient, and of 25 feet 
too short for general use. The extreme closeness of the agreement between the 
Results from the longer Runs is probably accidental, but the inference may fairly be 
drawn that a pretty dose agreement might be expected in such work* 

6. Test ii, Discharge-measorements at snceessive Sites^— For the 
proper application of this Test, it is obvious that there should be no 
water admitlBd intOj nor withdrawn from^ the channel between the Bites the 
Discharges through which are to be compared. It is desirable therefore 
that there should be no inlets into, nor outlets from, the channel between 
the Sites. It is further desirable that the Sites should not be very far 
apart, so as to diminish the risk of the occurrence of springs and leaks, 
and to reduce the amount of evaporation and absorption. Four applica- 
tions will be made of this Test, and will be distinguished briefly as Tests 
iio, iii| iic, iicf, viz.,— 
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Tbbt ii«. Non-dmnltaneonfl Diachargw, (Art 7, 7il) 
Test ii6. Simnltaneoiis Di8chai|se8 in ume Reach^ (Art 8~8g.) 
TxsT iie. Simnltaneoiis Di8chai|se8 in different Beaches, (Art S'^Sh.) 
Test iiiL Discharges of same body of water, (Art 9— 9h.) 
The snccessiye Sites varied considerably in each application, both in width, in 
flgnre of Oro88-Section« and in physical state, so that the Test applied is pretty 
searching. 

6a. Bffbot of FOBMiTLa.— As the formnln need in the Dischaige-oompatation 
affect the Besnlts (obtained from the same data) sometimes markedly, and therefore 
differently at Sites of different Cross-section, the Field-process itself wonld be most 
fairly tested by comparing Besnlts from soccessire Sites of similar Cross-Section, 
with $ame Float' Cauns tipekdng^ so that the same formnUe might be need for each. 
A far more searching Test, however, of the process as a whole (indnding both 
Fleld-woi^k and Computation) is to choose Sites of different erosi'SeetUmal figwrt^ 
the more nnlike the better, (as happened in the present application.) 

[In the preceding comparisons of Discharges eet same Site (Test i) the same Iloat- 
0>arse Spacing and same formnlao were need in every pair of Besnlts compared, so 
that no Discrepancies were introduced by the mere mode of computation. In what 
follows (Test ii), the Float-Conrse Spacing and f onnolA differ at different Sites, so 
that Discrepancy is liable to be introdneed in the computation : and it is possible 
that part of this Discrepancy v^ght disappear if the Besnlts were recomputed by 
other f ormuIflB. The formula actually used were, however, in each case those believed 
to be the best with the available data, (Ch. XYII, 6a.) 

6b. Normal Disobepahot. — The application of this Test consists 

in the comparison of the Discbarge-measorements themselves. 

[The use of the Mean Velocity-measurements in place of the Diiiehaige-measura- 
ments is obviously not here admissible, (as under Test i) ; the former quantities not 
being proportional to the latter at different Sites]. 

Andy it is dear that a small Loss is to be expected in passing from 
an Upper to a Lower Bite from three different causes, viz., LbakagB| 
Absorption and Eyapokatioh. In what follows. Gain and Loss in 
passing from an Upper to a Lower Bite will be indicated by a -f and a 
— sign respectively. It would seem then that the normal Discrepancy 
should be steadily negative (indicating Loss), and that the occurrence of 
a positive sign (indicating Gain) can only be due to either — 

P. Influx of water into the Canal between the Sites, as fom springs or inlets. 
2^. Error in one or both of the Discharge-measurements, vis., 
(a), Under-estimation of the Discharge at the Upper Site, 
(6), Over^estimation of the Diachaige at the Lower Site, 
provided of course that the Discharge-measurements be either of the 

same body of water, or else under similar External Conditions, in the 
Keach. Hence also a larger Discrepancy is admissible with a negative 
than with a positive sign. 
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As to the three efficient caiues of Loss :-^ 
1^ Leakage. This is of oonxse a local matter. 

2*. Percolation, This is known to take place largely all along the Canal, 
becanse the spring-lerei of the adjacent conntry has risen nnce its eon- 
stniction : this level was originally raised by, and is presumably still kept 
up by, infiltration from the GanaL 
8*. Boaporatunu The loss from thia canse is too trifling to sennbly affect the 
BesniU (Oi. XXV, 8d> 
7. Test iia, Non-bimtjltavbous Disohabgbs.— It will be seen from 
the Sketch Plan (PI. 1, 1) that the water from the BoUnl Embank- 
ment passes next through the Sol&( Twin AqnedootSy so that— 

Discharge through SolSnC Embankment Main Site = Snm of DiBcharges through 
the Sol4nf Twin Aquednct Sites, ••••.•»•«•••...•«.••• ••••••••••.^•..•••••..••.•..••••(3)^ 

The application of the Test consists in the comparison of the Tialnes 
obtained for these two quantities : with simultaneous Field-work at the 
Upper and Lower Sites, the Besults should be equal; with non-simul- 
taneoQS Field-work, the Results should be equal otdy if obtained under the 
eame External Conditione, (an important limitation.) 

Freliminary Work. Some preliminary triaUi were made in 1877 with the Staff 
(a single Sield-party) ayailable at the time, the Field-work being done as &r as 
possible in eimilar states of water at the three Sites in snccession. In two cases 
(Nos. 2, 8 of Tab. 28) the Field*work was done at all three Sites within the working 
hous of the same day, bat this was found to be too fatiguing to carry on regnkrly. 
In the other cases, (when the Field-work at all three Sites was not completed within 
the same day,) several days sometimes passed between the work at the different SiteSy 
partly from stress of weather, partly from the variable state of the GanaL 

The Results are shown in Abstr. Tab. S8> which contains a simple Abstract of 
the data of this work from Det Tab. XXX V— XLI V with slight additions. In 
conseqnence of the Field-work having been done on some occasions on different days 
in different states of water, the actual Disehaige-measnrements are not qnite fairly 
comparable. To render the comparison fairer, a '< carrBction" baa been oompoted 
for the Results at the two lower Sites (SoUnf Aqueduct) to reduce them to the 
Gauge-Reading of the Standard (Solinf Aqueduct) Gauge recorded during the Ifield' 
work at the Upper Site. 

The correction (shown in CJol. 7) is computed as follows :— 

^ Dischaige-variation ss Mean Velocity X Clhange of Area due to change of GangCf 

^^'•'^ • ^* = V X ^ . ih'\ (3). 

The sum of the Gubic Discharges through the Twin Aqueducts (with the above 
oorrectum applied) is shown in Gol. 7 underneath the Discharge at the Upper Site 
for comparison therewith. 

7a« !feBt iiat Duousbioh.— it will be seen that the Discrepancies are on the 
whole contrary to what was above described as ** normal," thus— 
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1^ Three oat of six show Qain (-i- ngn) in paniag from the Upper to the 

Lower Site* 
2^ The reUtiye Gftiiis are larger (as seen by the percentages) than the 
Losses. 

Some of this abnormal discrepancy is dae to the change of External Conditions in 
the Beach. Thos two of the Gains (Nos. 1 and 6) would be at any rate in part re- 
duced if a correction oonld be applied to equalize the Surface-Falls (F^ + F^) in the 
Upper Sub-Beach. After making allowance for this, however, there will probably 
yet be a balance of abnormal Gain. And observing that there are no Inlets and no 
Springs between the Sites (being both in the Solini Embankment), this points to 
some constant source of Error in the Discharge-measurement tending to produce 
Gain on the whole. 

Kow the Discharge-measurements in the Lower Sites (Twin Solanf Aqueducts) 
are known to be somewhat over-estimated in the Side-Spaces (Ch, XIX, 8b) in con- 
sequence of the neglect (in computation) of the slight contraction near the bed, and 
of the contraction under the corbelling. The reduction on this score is, however, too 
small in all the six cases under discussion to affect the Besults much, and has not been 
thought worth computing, especially as the surface-contraction is least (only ^S of » 
foot) in the case of largest Discrepancy. 

A further probable source of over-estimation of the Besults at these Lower Sites 
arises from the mode of estimating the depth, which was simply aaumed to be the 
same as the reading on the Gauge, (the Gauge-zero being on the level of the Aque* 
duct-Floor,) thus making no allowance for the presence of Silt or occasional Obstruc- 
tions (Ch. Ill, 12) on the Floor. 

[The presence of -f^ foot of Silt on the Floor would cause over-estimation of from 
2 X 85' X *10 X 300 to 2 X 85' X '10 X 8*50, t. e., 51 to 60 cub. ft per sec.]. 

8. Test iib, Bimultahbous Diboharqes in same Rbaoh. — The abore 
application of this Test haying giren some confidence in the Results, it 
seemed desirable to gire it a further trial in a more favorable way, viz., 
by having the Field-work carried out at same time at the Upper and 
Lower Sites, so as to eliminate the uncertainty of possible difference of 
the External Oonditions when done at different times. 

8a- JBUtory of the work. — A second Field-party was of course required for this 
purpose. The importance of this work appeared so great, that Government was 
pleased to sanction the necessary expenditure, and to detail two extra Overseers for 
it early in 1878. 

The new men (Sergts. J. Tuer and O. Reynolds) joined in Feby . '78. Unfortunately, 
soon after their instruction was complete, the junior Observer (CorpL G. Grey, R.B.) 
of the original Field-party— who was in fact only temporarily lent from the Bengal 
Sappers and liiners^was suddenly recalled to regimental duty : and notwithstanding 
the most urgent representations of the inconvenience necessarily entailed by his sud- 
den removal, his services could only be obtained for a few days at a time at odd times 
duriog the three months of March, April, and May. Much of his time even at those 
odd times had necessarily to be given to bringing into proper form the computations 
connected with the Field-work he had been previously concerned in, (which might 

2z 
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otherwise have been entirelj lost,) so that— inclading loss of possible FieId>irork 
days thxongh stress of weather and sickness — ^there were eventnallj only 17 occasiona 
in the whole three months (March to Ifaj 1878) in which it was possible lor the 
two complete Field-parties to work in concert, thus giTing in all 17 eases of Simnl- 
taneons Discharge-Measurement 

At the end of May 1878 Corpl. Orej and Sergt. Tner were bodi finally remOTed, 
thns redncing the Establishment to a single Held-party again. Bnt in Norem- 
ber '78 it was increased again to two Field-parties, and in December '78 to three 
Field-parties for certain Experiments at a distance from Roorkee, described in Art. 
9, et $eq. The opportunity was taken whilst these parties were Btill in Boorkee of 
adding to the number of Simultaneous Discharge-Measurements in the Boorkee 
Beach. Eight more were done in all (Comparison Noe. 7 to 10, and 17 to 90 of 

Tab. 29, 80). 

8b. Test iib, AppLioATioiff.-^These Bimnltaneoiis Discharge-Measnie- 
ments were done at the three principal Sites in the Boorkee Beach, 
Tiz.| the Fifteenth Mile (Old and New), SoUnf Embankment Main 
and SoUni Twin Aqnednct Bites. These Bites are fnlly described in 
Ch. Ill, 8 — 12c. Their relati?e positions (which is what most concerns 
this work) are shown in PL 1, 1, and their Cross-Sections are giren in 
PL II, 1, 2, 4. 

It will be seen from the Sketch Plan (PL I), that the water passing 
through the Fifteenth Mile Sites, passes on throngh the Soldni Embank- 
ment Main Site, and lastly through the SoUni Twin Aqueducts. 

[It shoald be noted that the Fifteenth Mile Site was completely remodelled (Ch, 
m, 8) between the earlier and later Experiments in 1878 : (bat though this affects 
the intercomparison of the Resnlts at the Fifteenth Mile Site among taeh cthsr, it in 
no way affects their nse for the present purpose)]. 

The Field-work was done at two or more Sites at once bj Field-parties working in 
concert at each ; the yelocity-measnrements being commenced at nearly the same time 
at each Site ; the greater part of it wai there/are ewecuted within nearly the aame 
foorking honre at each Site, The work was distributed between the different Sites 
as follows :— - 
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Itetiibf TabulITIOV of IUsniifr0.^The BwUts are giron in Tab. g9» 
SO, whkh oontaiii a aimple Abstrtct from DetTab. XXXIV— XLIX, wiOi slight 
addition!. The daU wliich define the state of the External Conditions may be 
divided into two gronpe, General and Local. 

i. General^ defining the state of the ConditionB in the whole Beach, ni, — 
1^ Standard (Solinf Aqnednct) Gange-Beading. 
V, Surface-Falls in Upper and Lower Snb«Beaches, (F| + F^ and F^. 
iL Ijfctilf defining local Gbnditions at each Site, viz.— 
9^, Gange-Beading, and VariiitKon of same. 
4^. Local Surface-Slope. 

5^ State of the Wind at beginning and end of the Field-work. 
In oonaequenee of the Fieldrwork being timuliane«m$ at each of the Sites, none of 
theae are likelj to alEect the Comparisons in hand in anj waj except t)ie last, ns., the 
Wind ; the way in which this ii liable to affect the Comparisons lies of coarse in the 
increased difloulty of the veloci^-work, and in the uncertainty of determination of 
water-leyel in a high wind. 

In a tew (three) of the preceding ceses, yis., Nob. 8, 18 ; 9, 19 ; 10, 20 it is posdble 
to exhibit this Test in n still more crucial manner, the Field*w<»rk baring been done 
by three dr&rent Fiddrparfeies worHng 0$ tks some time at the thru Sitsi. The 
Besults are shown nt foot of Tab. 80. 

8d. Test iib| Diwrepaney In GenmU Data^li might be expected that the 
General Data which define the state of the ibitBnal Conditions for the whole 
Beach, Tiz., 

1^ The Standard (Sol&ni Aqueduct) Gauge-Beading, 
V. The Surface-Falls in the Upper and Lower Sab-Beach (Fj + F,, & F,), 
should be the same at each Site for any one Comparison, in consequence of the simul- 
taneity of the Field-work, whereas there are slight differences in the raluee recorded 
for each Sit& 

It seems necessary to explain this. The entries of the Standard Gauge-Beading 
are readings obtained by each Field-party independently^ fir itself at the time of 
passing the Gauge on going out to or returning from Field-work, and therefore at 
different times. The reading of this Gauge at different hours, and therefore often in 
different states of wind, accounts for the slight differences in the entriee for each Site. 
Further, the Sarface-FaHs in Upper Sub-Beadi (Head-Gavge to Standard Gauge), 
and in Lower Sub-Beach (Standard Geuge to Tail-Gauge) depend also on this 
Standard Gauge-Beading : this accounts for the slight differences in the entries for 
each Site ; any considerable differences must be due to real changes going on in the 
irtafte of the Canal. 

Be. Test iib» Diterepanef In Ifiiul.— It might be snppoeed that since the 
Field-work is said to be simuttaneem^ the Wind entries ought to be the sane for all 
the Sites. Bat, firstly die Wtnd-obserrstioas were 110^ eynekronaue: those at the 
faeginnini; of the Field-work were dooe only roughly speddag about the same timei 
whilst those at the end were done for each Site at the end of the Field-work of that 
Site, and therefore at rery different times (differing sometimes by about an hoar). 
Next, the exposure of the Sites was rery different : the Fifteenth Mile Site is in a 

* it being thought bert that aach party's work ihoQld be qoite independeat. 
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deep catting, the high banks of which are well planted with trees, bo that it is well 
shelteted from wind ; whereas all the SoUnf Sites are on the top of the lofty SoUni 
Embankment across a wide open yalley (2| miles wide), withoat shelter of any kind 
from the wind. * 

This explanation will snfficientiy account for the great differences in the Wind 
record at the different Sites. It may be noticed that at the Sites with similar expo- 
sure (the SoUnf Sites), there is commonly a fair similarity between the firtt Wind- 
Observations which were made abont the same time, also that the Wind-entriea for 
the sheltered (Fifteenth Mile) Site are steadily less than for the exposed Sol&ni Em- 
bankment Site. 

8f. Unequal DUohargu in Twin Aquiduets.^^lt might be expected that the 
Field-work having been on each occasion continnons (beginning at left bank of Left 
Aqueduct, and ending with right bank of Bight Aqueduct), — and lasting only about 
4 hours, the Discharges through both Aqueducts should have been equal. Bat on 
referring to Tab. SO, it will be seen that the Bight Aqueduct Discharge-Measurement 
is usually markedly the larger. 

[There is only one contrary instance (Na 23, and that is an unimportant one) in 
the Total of 15 cases (Tab. 80)]. 

A similar excess occurs in 6 out of the 6 Cases in Tab. JjS of Non-simultaneons 
Field-work. 

This excess is no doubt due to the partial obstruction of the Left Waterway (no- 
ticed in Ch. Ill, 12b & XVII, 12, i) in the imperfect removal of the dams used for 
repair. 

8g. Test iib, Discussion. — As a preliminary to tracing ont the causes 
of the Discrepancies (some +, i.e,, gain : some — , t.e., loss) between the 
Discharges at the different Sites, it will be well to recapitnlate the condi- 
tion of the bed of the sereral Sites, and the state of water in which the 
Soundings were made at each Site. 
It should be remembered that — 
R A level bed is farorable to the use of velocity-rods, and also to sounding. 
2^. A rough bed is unfavorable to the use of relocity-rods, and tends 
(Ch. XV, 11a) to over-estimation of the Mean Velocity past each rerticaL 
3^ Soundings in deep swift water are unfavorable, and tend to orer-estimation 
of the depths, (from the difficulty of holding the Sounding-Bod up- 
right). 
When both conditions 2^ 3® are combined, the Discharge may fairly be expected 
to be ovei^estimated. The Table next below is an Abstract of these conditions at 
each Site, and of the effect on the computed Discharge. 

(.There is also a tmail Leak a littie below Mahewar Bridge, %e., below the Fifteenth 
Mile Site and above the Lower Sites, probably too small to affect the Besults mach : 
similarly the amoant of percolation between these Sites is too small to be worth 
notice]. 



ART. 8g. 



341 



Sin. 



MazditolCaylSTS. 



DectmlMr 1878 to April 1878. 



IlfteenthMile,| 



SoUnf I 

Embankment, ( 
CMainSite]. 



Sol&nf Twin 
Aqnedacts, 



Bed rery rongh. 

Soandings in deep swift water. 

Re$uU. Dlflohorge orer-estimatod. 

Bed rough. 

Soondingain shallow slack water. 

[No inferenoe as to effect on Diacharge]. 



Bed pretty lerel. 

Soundings in deep swift water. 

[No inferenoe m to effect on DieduvfOj* 

Bedrongh. 

Sonndings in deep swift water. 

iSemU. DlBcharge oTer-estimated. 



Bed leyel, but with occasional accidental heaps of mnd, stones. &c. 
Depths inferred from the Gange-reading ; probably OYer-estimatedy 

as no dednction is made for silt deposit, (Ch. Ill, 12, 12a). 
Discharge certainly oyer-estimated in the Side-spaces, (Ch. XIX, 8b.) 
Oentral RewU, Diaduurge aomewliat orer-eBllmated. 



' From this it is clear that in comparing Discharges at any two of these Sites, the 
Discrepancies may be expected to be Gain (+ ) or Loss ( - ) as shown in the following 
Table. The Table shows also an Abstract of the Actual (peroentnm) Discrepancies 
taken from Tab. 29, JO. 



8ITBS. 



8BAS0H. 



ill 



Experimental Benlti. 



0(nnparieon 
No. 

nMk 88.801 



I 



DliormNuioj't 



8ign. 



Baage. 
tp9K 0nt«] 



Fifteenth Mile, & 
SoliniBmbkt, 



! 



n 
n 



Embkt, & r 
Aqnedaet, \ 



March to May 78, 
Deer. '78 to April 79, 

March to May 78, 
Deer. 78 to April 79, 



Loss 
Gain 

Gain 
?Loss 



Nos. 11 to 16 

Nos. rtoio 

No8.21to81 
^OB. 17 to 20 



6 
4 

11 
4 



AU- 
8+,l- 

AU+ 
8-,l+ 



- 8-3 to - 2*7 
+ 5*8to-]-6 

+ 5*2 to + 'S 

- 4-8 to + -S 



The agreement between the signs of the Discrepancies expected d priori and ac- 
tually obtained by Experiment will be seen to be rery close, there being only 2 excep- 
tions in the 25 cases. 

The larger Discrepancies also occur mostly (yul, 7 ont of 9 orer 4^ per cent) in the 
work connected with the Fifteenth Mile Site, (Tab. 29-) This is probably dne to 
the roughness of the bed at that Site. 

Lastly, it will be seen that there were Causes at work (tee Notes in right hand 
Col. of Tab. 29f 80) tending to produce uncertainty in the Results, Tiz. — 

1^ Unsteadiness of the water in 5 cases shown either by the Gauges at the Sites 

(Cases 20, 2 1 }, or by the large discrepancy in the Surface-Falls of the Upper 

or Lower Sub-Beach as registered for eadi Site, (Cases 8, 9, 18), and— 

2^. High wind in 4 Cases (10, 15, 20,21). 

The general smaUnesB of the proportionate Discrepancies (few of which 

are of practical importance), taken together with the fact that they are to 

a great extent satisfactorily acconnted for by the conditions of the time, 

points to the conclusion that the agreement wonid hare been in all proba- 
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bility a good deal closer under morefayorable Conditions at each Site, and 
is decidedly in faror of the general accnraey of the process (of Disohaige- 
Measurement) used, when done nnder really fayorable circumstanees. 

9. Tests iio,dy Dischaross in diffbbbnt Bbachss.— These Tests 
were applied on a large scale at beginning of 1879 at the three Dis- 
charge Sites in the Belra, Jaoli, and Eamhera Beaches, which are des- 
cribed in detail in Gh. Ill, 18—17, and PL IY--YI, and whose relatire 
position— which most affects the present qnestion— is shown in PI. m, 
and desoribed in Ch. III| 18, 13a. 

It will be seen that the water passing through the Belra Beach is 
divided (at the Jaolf Begulator), so that part passes down the Jaoli Beach, 
and part down the Kamhera Beach, except only for a small quantity, 
which is diverted near the Tail of the Belra Beach into four small Dis- 
tributary channels (the Bight Jaoli, Manstirpur, Mir^pur, and Pimora). 

It follows therefore that, except for evaporation and percolation— 
<* Disoharge at Belia Site = Sam of the Diflehai^Kes at Jaoli and Eamhera Sites 

and in the four Distributaries ", —..... -.(4). 

From these two Tests (iic,(2) having been applied at the same Sites, 
it will be convenient to discuss them together in following Articles 

(Art 9a— h). 

9a. SiteB MiifiwerahU.'^lt cannot be said that the 8it«8 weie fiwonble, either in- 
diYidnally or oollectiyely. for these Tests. The faults of each of the three large Sites 
have been explained (Oh. Ill, 14—16) as bdog ohiefly-^ 

1^ BdraBte, Too near Belra Bridge, Bed-level scoued below level of Jaolf 

Falls Crest, Bed rongh. 
2^. JaoU Site. Too near Jaolf Begulator Falls, Bed very rongh. 
8". Kamkera iSSte. Bed and Banks rongh. 
The faults of these Sites oollectiyely were chiefly— 
l^ Their distance apart (about 6| miles from Beha to Jaolf Site, and 2| more 
to Kamhera Site) i ncreasing the uncertain amount of Loss from leakaffSb 
absorption, and eTi4>ontion. 
3^. The existence of the four small Distributary channels leading out from the 
Belra Reach near its Tail, (PL m, & Art 9g). 

9b. lUsan of WoBK^^-Notwithstanding these disadvantages, the 
Comparisons in question are believed to be of great value as a Test 
of the fair accuracy of the process nsed from the grand scale of opera- 
tions, and from the considerable Bange of water-level and of Discharge 
at each Bite, as follows :— - 

At B0lrs— Gangs Beading, 7''54 to 5*74 ; Bange, 1*'80. 

DischargiB, 5,751 to 4,166 e. ft* per ho, ; Rsage, 1,561. 
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At •/oott— Gange-Beaaiag, 7*'82 to 5«'21 ; Bange^ S-11. 

Discharge, 4,818 to 8,202 o.Jt. per see. ; Range, 1,611. 
At Xa«U«ra— Gange-Beading, 6''56 to 5«'27 ; Range 1''29. 

Discharge, 982 to 711 e. ft per tee, ; Range 271. 
l^mr LiiiriMariet'^Toiel Discharge 29Sto0e,/Lper $ec. $ Bange 298. 
[The abore is an Abstract simplj of the highest and lowest quantity of each kind : 
the Besalts are ntft timultanetnui], 

9e. Tests iic,d| Application. — The proper application of the Test- 
equation (4) ftboTe appears to require either — 

Txsr ii0. The Field-work at all the Sites should be done nemrly mt tke same 
time, (i.«., begun abont same time^ and fimshed abont same time). 

TBffr M. The Field-work shoold be perfonned as far as posrible ^i^pen tils $ame 
mau ef water : (being began later at the lower Sites). 

Both Methods were tried as follows :»- 

Test ii^. This Method was adopted thronghoot the month of Jannaiy 1879, 
the Field-work being begui abont the same hoar at all the Sites. 

Tbst iii. This Method was adopted throaghoat the months of Febroary and 
March 1879. The probable Mean Velocities at the different Sites being (rooghly) 
known from the Janoary work, the Field-work of each day was began first at the 
upper (Belra) Site ; the Field-work at the two lower ( Jadi and Kamhera) Sites 
was began after an interval, sapposed to be saffldent to admit of some of the 
mass of water (which was at the apper Site at the beginning of the work) passing 
down to and reaching the lower Sites. The allowance is of oonrse Tcxy rongh, 
being only gaessed at from the probable Mean Velocities. 

[This second Method can only be adopted in cool weather : its adoption in hot 
weather woald inyoWe the Field-work at the lower Sites being done in the heat of 
the day, (if that at the upper Site be done in the cool hoars of the early moming)^ 
whenever the Sites are— as in the present instance— several miles apart]. 

9d. Staff.— Three Field-parties, each complete in itself, were employed (work* 
ing in concert) at each of the three principal Sites (Belra, Jaolf, and Kamhera) ; foor 
additional Overseers having been detailed for this special work by Government, (over 
and above the two in permanent employ). The new men joined in November and 
December 1878, and were trained in Roorkee ; their tndning was finished in Decem- 
ber ; and the whole party moved out into camps formed near the several Sites at the 
end of 1878. 

The first few days of 1879 were employed in the prelifflinary levelling operations 
(Ch. Vn, 4) necessary for Snrface-slope measoiement : this covered a good many 
days, as there was only one large Level available saitable for this parpoee. 

The systematic work— at all the Sites in concert — ^was in fall operation from 9th 
Jannaiy 1879, and was continned daily (on week days) with few exceptions from 
stress of weather, sickness, &c, till end of March 1879, when camp was broken up, 
and the parties returned to Roorkee to rednce their work : this oocapied the month of 
April t at the end of April, the extra Staff was all dispersed. 

There was at times so much sickness among the Staff as to threaten the loss of 
much of the systematic work, (which it will be seen reqnired the simultaneoue work 
of all nx Overseers). An additional Overeeer was aoccvdingly applied for as <* wait- 
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9h. Tests iio,d, Discussion.— The Table below is an Abstract (from Tab. SI) 
of the resalting Discrepancy between the Discharge at Upper Site and the Snm of 
the Discharges at the Lower Sites. 

It will be seen that the Resalts are decidedly closer when the Field-work is done 
upon the same tody of water (Test i\d), than when the Field-work is simnltaneofu 
(Test iie) ; the Discrepancies in the former case being nearly all on the side of LoeSy 
which has been explained (Art 6b) to be the normal Besnlt 



Dewaiption 
of line. 



TlSTil«. 

[Bimnltaueoiu Field-work], 
- 10 



TiSTild. 
[Fiald-work in Bame water]. 
Mcuei. 



Total. 

44 



Bange, 
Nnmberof 



imberof i 
cases, ] 



+ 8-6 to - 2.7 •/o, 

6 gain, 5 loss, 
8 oyer 2 °|o gain, 
8 orer 2 *Je loss, 
[Gain(+),LoaB(-)]. 



+ 2.8 to - 5-5 »|o, 

5 gain, 29 loss, 
2 oyer 2 ^|o gain, 
5 oyer 8 *)o loss, 
lQain(+).Lo«(-)]. 



+ 8'5to-5.5»f,. 

10 gain, 84 loss. 
5 oyer 2 '^fo gain. 

5oyer8®JonM& 
[Gain (+), Low (-)]. 



As part explanation of the Discrepancies, it may be seen (from the right hand 0>I. 
of Tab. 81) that the Unsteadiness of the water in 4 ;Cases (Nob. 55, 66, 67, 75), and 
High Wind in 18 cases must haye tended to produce nncertainty in the Besnlts. 

The general Result is yery satisfactory, the number of cases exceeding 2 per cent, 
of gain or 8 per cent of loss being yeiy few, only 5 of each oat of the whole 44. 
And there is no donbt that the Discrepancies which show Loss would be generally 
somewhat less had the Discharges in the Distributaries been measured by the same 
piooess as used at the large Sites : for the few Check Dischaige-measniements taken 
in the Distributaries give Resalts generally larger Uian those of the Omal Tables, 
(see Tab. 28.) 

There does not appear to be any obyious cause for the occurrence of cases of Gain 
( + ) at alL These are, probably in part, due to error in the Results. It will be seen 
that in the 6 cases (Nos. 55 to 60) in which the Distributaries were dosed, the Dia- 
crepancies are all on the aide of Loss. 

10. Abstract of Tests.— The Test applied to yerification of the Dis- 
cbarge-measuieinents has been yery yaried and searcliing : the following 
is an Abstract : — 

Tbst itf. Remits in same Series, 78 Series containing 559 Results : the number 
of pairs of Results thus yirtually compared is of course yery large. Only 14 cases 
of Discrepancy exceeding 10 per cent, and these all accounted for by the yaried Ex- 
ternal Conditions. 

Tbst ib. ResuHs of same day at same Site, Total 106 groups of Results, t^ 190 
Ck>mpari8ons. Only 11 cases of Discrepancy oyer 5 per cent, and these all accounted 
by the yaried External Ck)ndition8 ; also only 2 more oyer 4 per cent., and 16 more 
oyer 8 per cent, and these partly accounted for by the change of External Conditions. 

Test ic, Simiultaneous nork an d^erent Runs. One Result on each of 4 differ- 
ent Runs. Results of 50' and 100' Runs closely accordant 

Tb8T iia. ti^on-simultaneous work in same Reach, Total 6 comparisons. Only 
one case of Discrepancy oyer 4^ per cent, and this pertly accounted for. 
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Tbst ii(. Simultaneotu work in towM Reach. Total 25 compariflODS. Only 6 
cases of Discrepancy oyer 5 per cent Most of the cases of Gain partly acoonnted for. 

Tbst lie. Simtdtanetnu work in different Reaehea. Total 10 comparisons. No 
Discrepancies amounting to 8 per cent Only 5 cases of Gain. Discrepancies partly 
accounted for. 

Test iidL Dieekargu of tame My of water in different Reaehee. Total 84 
comparisons. Only 5 cases of Discrepancy orer 3 per cent Only 5 cases df Gain. 
Discrepancies partly accounted for. 

11. Oanses of Discrepancy^ — The yarioos causes of Discrepancy in 
the above Comparisons woald seem to be — 

1?. Unfayorable condition of the Sites. 

2". Unfayorable state of External Conditions^ {e.g,, High Wind, Canal being 
''out of train", &c.) 

8^. Dissimilarity of External Conditions (in the Non-iimultaneona work). 

4^ Unsteady Motion of the water. 

0°. Obseryation-Error, including personal equation. 

8^. Use of diiforent formuUs. 
After making every allowance for the first three and the last (which have 
been already considered) there will remain a certain amount of residual 
Discordance, which must be ascribed to Nos. 5°, 6°. From the care 
taken in tlie actaal observations, it seems probable that the ordinary 
Observation-Error (in the final Result) must be very small, so that most 
of the residual Discordance is probably due to the Unsteady Motion of 
the water. This confirms the view before advanced (Ch. YI, 16) that— 

** Single Discharge-measurements (depending on say only 50 separate velocity- 
measurements) are Fair (but not dose) Approximations", (5). 

12. General OoncloBions.— Taking the evidence as a whole, the fol- 
lowing Conclusions seem fair :— 

** Under fayorable circumstances the process of Discharge-measurement describ- 
ed in this Work yields consistent Results ", (6a). 

" The amount of discordance between successive Results may be expected to be 
seldom oyer 8 per cent", : (66). 

Viewing the very great variability of velocity at any one point arising 
from the Unsteady Motion of the water, the above Conclusions are very 
satisfactory, and are of great practical importance. To secure, however, 
anything like the above close approximation, it is obvioasly necessary 
that the '' favorable circumstances " mentioned be secured, viz.— 

'*The condition of the Sites must be favorable ", (7a). 

" The velocity-measurements should not be done either in high wind, or when 

the Canal is not ' in train ' ", « (76). 

'* When successive Results are to be compared, close similarity of External Con- 
ditions is essential ", (7c). 



CHAPTEE XXII. 
PRACTICAL DISCHARGE-MEASUREMENT. 

JVc/'oM.^This Chapter contains the System of Cabio Diacharge^Measarement proposed for xiraoil- 
oil adoption, and may be looked on as the chief practical ontcome of the whole Work to whlcii aU 
that precedes has led np« 

1. Practical Discharge-Measurement. — The most important prcteti" 
cal Hesalt of the whole of this Work is conceived to he the elahoration 
of a Bjstem of Discharge-Measurement proved to have the merit of 
giving consistent results on a large scale, which can be carried out on a 
large Oanal in a few hours, and requires the use of such a simple Instra- 
ment as the Yelocitj-Rod. 

It remains to offer a somewhat simpler modification of the details (than 
the laborious system thought necessary for these Experiments) for gener- 
al practical application. It will be obvious from the description of the 
system of Sounding and Discharge-Measurement described in Gh. V, 
13—17 ; XVII, 5—7 ; XIX, I— 15a, that the amount of labor depends 

chiefly on two things — 

1^, the number of Cross-sectionB taken, 
2^, the nnmber of Float-Coaroes adopted, 

and can only be reduced by reducing the number of one or both of these. 

Opinions will differ as to the nnmber of each necessary and sufficient for 

the approximation required. All that can be said is that the greater the 

numher, the greater the labor and, the greater also the probable accuracy 

of the Result (supposing of course that the Gross-Sections and Fioat- 

Conrses are well selected). 

2. Cross-Sections. — At least three Gross- Sections should be taken, 
one at the centre of the Site, and one at each Rope. Any others that 
time admits of taking should be in pairs at equal distances from the cen- 
tre of the Site. The Soundings to be taken along the Float-CourseSi 
(«e0 next Article). 

8. Float-Ooarse Spaeinj^. — The principles for arranging this are 



ART. 8—5. 849 

explained in Ch« XVII, 5 — 6. It Is recommended that there should be 

always — 

One Floftt-CDone at centre. 

One close (as dose as possible) to each bank, when the banks are TerticaL 

One orcr loot of each Side-slope, when the banks are sloping. 

The sub-diyision of the Central Space must depend on the time ariul- 
able. The advantage of '' Weddle's Rnle^' is so great (both in aocn* 
racj and conyenience), that the Float-Courses should be arranged to 
suit it whenever time permits. Its use requires division of the Central 
Space into 6 equal parts, making in all (along with the two outer Float- 
Courses above-mentioned) a total of 7 Float-Courses, — a number which 
should not unduly tax the practical Engineer. 

4. Field-work.— This consists of two parts — 

]. Sovnding. The AvBBAGE Dbpths (H) along each Float-Coarse to be 
found (by soanding). 

ii. Velocvty»work, The ROD-VELOCITIES (tf) in each Float-Coarse to be taken, 
each being at least thrice measored. 

6. Computation.-~Ii^ foUomng scheme the same accents, and aabscripts are 
given to the quantities H, «, D of same Float-Coarse, (whore D ss Superficial Di^ 
charge past the corresponding yertical) ; the subscript cipher (^ indicates the centre, 
the accents indicate Bight or Left of Centre. 

S- ^■'^ «•"-• s^. 

[WidthjSn* tjS = Width of each segment of Central Space] . [Width jSl. 
?0 V Ha* u^' iio «/ n,' < ?0 

H* TT** II* IT'* IT TT'Tl' XT' IT* 

4 Hj ilf Hi Hq X1| JOf Uj II4 

?0 D/ D,"* D/ Do Dj' D,' D; ?0 

Step L Compute the product (D) of every H by the corresponding ti, (i. «., 
D = Hu), and observe that the Edg^velocities being assomed zero, the values of D 
at the edge are also zero ; also that the depths (H4', H^*) at the edges woold be leio 
with sloping banks. 

Step II. The Cubic Discharge in the Side-spaces (say D'» D') and Centre-Space 
(say Do) ^^oa^ be computed separately, thus — 

Centre-Space, Do = TVi8 ^ {^^^ + ^\ + I>o +^i'+ I>.') +« (J>% +D,+ DO} 

Side-Spaeet, (vertical banks), D" = I ff'Wy D' = f /8'D'. 
„ „ (sloping banks), D'=i/3'D,'. D'=4^'D'. 

Lastly, Total Cubic Discbarge, D = D' + Do + D*. 

Step IIL The Area (if required) should be computed by similar foimaln (so as 
to give equal approximation), thus ; (A*, A^, A' being the Areas of the Left Side- 
Centre-, and Right Side-Spaces), 

Centre-Space, A^^^fi X {(H/+H,' + Ho+ H,' + H,*) + 5 (H,*+H;,+H,')} 
Side-Spaces, (vertical banks), A"'= i /8' . (H/+H/), A' =4 /8'. (H;+^^•) 

„ „ (sloping banks). A' = I /T.H,*, A'csJ/fffl; 

Lastly, Total Area, A = A'+ Ao-h A^ 
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6. Bet&ib^— For further information as to detaib^ 9e$ following :— . 

r. Choice qf 8iU, Ch. 1, 7 ; XV, 11^1 lb : Pnparaium (for hm of Rods^ 

Ch. XV, 12. 
2<>. Rapu, and Ptndanti^ Ch. IV, 14—18. 
a*. Sounding^ Ch. V, 16, 17 ; Average Depthe, Ch. ▼, 13—15. 
4^ Rode and Plank Trage, Ch. XY, 4—71 
5«. Tmekeefer, Ch. IV, 26b. 
6**. Timimg, Ch. IV, 26, 26a. 
7^. Lemgih rf R%%^ Oi. IV, 27, 80. 
8». tikNMllWtf, Ch. IV, 81, 81a. 
9*. IteU-JBook, Ch. IV, 82, 88, and Tab. Jg. 
10*. Veheitg^eiuetionf Oh. JYfti. 

1. Special Notes. — Upon the above matters^ the foUowing ahoold 
be noted : — 

1*. Sitet, The nearer a Site oonforms to the principles laid down the better. 

2^. Ropet. To be strained as near the watei^nrfaoe as possible. 

8*. Sounding. To be done from a boat floating freely down-stream, if possible 
with a Sonnding-Rod, (not with a <' Bonnding-line ".) 

4^ Rode. Tube-Rods are the best : a Set of 12 of each length in most fitqoeot 
use, and of 6 of all other lengths will be required ; the lengths to adranoe 
by 6* from a length of 1' upwards. 

[If the Depth exceed about 1 6', the use of Bods would be impracticable. In this 
case the Double-Float is recommended, sunk as a general rule to | dq>th in each 
FloalrConrse ; (jee Ch. XIV, 18)]. 

5*. Ttmekeeper, A half-second's chronometer is best Next to this (and nearlj 
as good) a loud ticking clock (not ticking too quick for the ear to follow) 
with second's hand. Next a similar dock without second's hand, or else a 
metronome. Next a stop-watch. 

Next probablj (but much inferior) a simple seconds or half-second's pendu- 
lum. And last of all a common watch or clock proyided with a second's hand. 

[The pendulum may be improyised with a bullet and string : its proper length 
must be found by comparison with a good watch or clock through at ieaet a 
MiiMts]. 

6*. Timing. The essential feature is that (to eliminate personal equation) 
the similar work at either Rope should be done by the same person, i. e,oiie 
person must *< call " at both Ropes, and another must ** keep time " throughout 

7*. Length of Run, The better the Timekeeper, the shorter the necessary 
Length of Run ; and omterii paribue the shorter the Run, the better. A 
50-foot Length sufllces with a good Timekeeper ; a 200*foot Length woold 
probably suit a common watch. 

8*. Good Iloais, The sole criteria are that a Float should run "free" and in 
^fair course". Irregularity of time in snccesslye Floats is no dramhack^ 
but is to be expected. 

9". FieUt-Book. None but ''Good Floats" to be xeoorded. 

8* Rapid Approsimatioiu-— As to the oonrse recommencled when 
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time does not admit of velooity-measurements on many rerticals, (which is 
considered to be by far the best Method,) Bee Ch. XX, 29, where Central 
Mean Velocity-measorement repeated about 50 times is proposed as an 
altematiye. 

[For a Bnccinct explanation of the process of Diflchaige-messnrement aboye 
advocated (Art 1—7), Me the Author's Paper on Biseharge of Canals, in Profl. 
Papers on Ind. Engng., Vol VI of 77, p. 286. It is not thought necessary to recapi* 
tnlate the process in detail here]. 
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PART IV. 
CHAPTEE XXIII. 

CURRENT-METER WORK. 

JV^Ak*.— This Chapter la mainly an Aooonnfc of the difflcaltiei (Art. 8—4) found In the nie of 
Onxremt-Meten, and also of propoeed improyemente in them (Art. 6—1 !)• 

1. Ho systematic Ezperiment. — The work actually done with Car- 
rent-Meters in these Experiments can only be described as preliminary 
and tentative. In fact the taraqb (or experimental determination of 
the meaning of the graduations at different velocities) was not under- 
taken, so that no systematic velocity-work could be done. The Ganges 
Canal is not very favorable for the use of Current-Meters from the fre- 
quent presence of bits of weed, and other flotsam in the stream. In the 
face of the uncertainties attending the use of these Instruments (Art. $ 
•—8, xiii), and the strong disapproval expressed by such experienced 
hydraulicians as Qenl. Abbot (Art. 3, xii), the Author did not feel justi- 
fied in spending more time on them, when velocity-work with Floats 
was urgently required. 

Of all the trials made, very few have accordingly been made use of in 
the Discussions in this Work; a few will be found in Tab. LXXIV 
illustrating Unsteady Motion ; and a few are alluded to in this Chapter. 
For the purposes there required the iarage was not essential. 

This Chapter is only intended to discuss the objections to the use of 
these Instruments, and the improvements that might be effected both in 
the Instruments themselves and in the way of using them. 

2. OnrrenlrMeters tried. — Three Current-Meters of different pattern 

were supplied for use on these Experiments, viz. — 

1*. Moor^i Current'Metsr, tee Cir. Engr.In8t.ProcgB.,VoL XLV,Paper No. 1481. 
2®. lUvyU Current'Meter, $ee R^vy Report, p. 155. 

2P, RoorJue Curreni-MeUr, similar to £lliott'8 Carrent-Meter (tee Madras Manaal 
of Hydranlica, 8rd Ed., Art 85). 



^- i 
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A foil description of Uiese Instnunents will be foimcl in the Works 
qaoted : as they were not used for any continnons work, it seems nn- 
necessary to give detail here. 

8. Olueetions. — The following are the chief objections to Current- 

Meters of all sorts : — 

i* Disturbance of the natmal motion of the water, (caused by the presence of 
the Instrament itself, of its moantings, and of the boat from which it ia 
worked.) 

ii. Uncertainty of orientation. 

iiL Uncertainty of position, (in some modes of nse.) 

IT. Uncertainty of gearing and ungearing, (in the ordinaiy nse.) 

V. Non-measnrement of ** forward velocity ", 

tL Failure to work at or near the surface. 

▼il Failure at low velocities. 

viiL Delay invoWed in raising the lostrument to the surface to read. 

ix. Liability to be choked by weeds. 

X. Invisibility when at work, 

zi Expense. 

xii. Delicacy, causing great liability to injury, 

xiii. Uncertainty of record, 

xiv. Faults of construction. 

Certain of these faults can be more or less got rid of by the following :— 
1^ By the use of a special Current Meter-Lift described in Art. 6, 7 : this 

removes almost entirely all the objections Nos. ii, iii, iy, y, and to a great 

extent the disadvantages of Nos. i, x« 
2°. By the separation of the ** recording works " as described in Art 10 : this 

improvement removes objections Nos. iv and viil, and reduces Kos. i and x. 

Hera follows detail of the abore— - 

[To fadlitate reference, the Articles discusang the several Objections i— xiv bear 
the same (subordinate) numbering, yis., i— xivj. 

S^ i. DiSTUBBANGB OF WATBB.— This is a fault inherent in all Fixed Instm* 
ments. Some Current-Meters are so bulky (Moore's is about 19i* x 6* x 5^*} as to 
cause considerable obstruction in the stream. 

The use of a boat or pontoon-raft from which to work the Instrument is a ifocessary 
evil in a wide channel (in the absence of a bridge) : if this boat or raft has to be 
moored by anchoring, the mooring apparatus is an additional obstruction. 

The mounting arrangements (for securing the vertical raising and lowering of the 
Instrument) form a further obstruction, and in some cases a very serious one. One 
illustration will suffice. 

laomOing Gear, Rhyt, The ** mounting " recommended in the B6yy Expts., (ppu 
17 and 158) for general use in depths exceeding 10', consists of an iron bar about 
11' X 8^ X I* to be suspended from the Obsenrafeory Raft in a horisontal position 
parallel to the cuxrent-txis by two ropes, by which it can be raised or lowered in snch 
a way as to preserve its horiaontality. The Current-Meter is attached a little below 
the up-stream end of this Bar. The ends of the Bar are to be connected by cords 

2 z 
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to two boats moored, one tbore and one below the Obserratory-Raft, at fiOM 90 to 
100 yards distance from it. This connexion with the moored boats may be ao man- 
aged as to secare the approximate yerticallty of the two snspensloii-ropea dining tin 
raising and lowering, and therefore also enanrea the motion of the Oonvat-Meter in 
a tolerably vertical line. Thia- apparatus was fouxd quite aiieoesBftil ia tbo IUjj 
Experiments. 

The advantages are, however, gained at the expense of fntrododng a serious sBDonnft 
of obstruction into the water, viz., the iron bar with certain appendages not detailed 
above, two snspension-ropes, two long connecting cords, and the moorings of three 
boats, two of which require double mocxringa. 

[It may perhaps be imposuble to use Current-Meters in deep water without some 
such lowering apparatus as above ; in this case the obstruction introduced is a serious 
objection to the use of Current-Meters at all]. 

Altogether the obstmctioD caused by the Instrument itself, by its '^momiiiiga'', 
by its boat or raft, and by its moorings, is liable to be very great, and maat greatiy 
interfere with the trustworthiness of its indications^ 

3, ii. Uncbbtaintt of orientation.— All the Current-Meters known to the 
Author are supplied with a large " Tail ", consisting either of a single vane in a ver- 
tical plane, or of a pair of vanes at right angles. 

In the former (which is the usual) construction, the Instrument is intended to be 
freely pivoted on a vertical axis, so as to be free to turn in a horizontal piane. lo 
the latter construction (which is adopted for Moore's Current-Meter), the Inatmmeat 
is intended to be freely pivoted, so as to be free to turn in all directions (in aay 
plane). 

In either constrnctioD, the intention is to avoid the pnustical difllcoltiea oi fixing 
the Instrument in direction by utilising the action of the " Tail " to secure the oon- 
stant presentation of the blades of the fan to the stream. 

In consequence, however, of the Unsteady Motion of the water, the Instrament is 
kept constantly swaying about, following to some extent the variations (in direction) 
of the stream-lines passing it The Instmment does not of ooune change ftedioD 
to the same extent as the individual stream-lines^ partly fro« the firiction on its 
pivots, (which prevents its turning quite tnt\y,) and partly from the partial nentral- 
ization of the pressures on opposite sides, the momentarily vnbalanced portion of 
which is the sole cause of its diifting at all. This momentary osrinstioa is annlar 
to the osdllation of a Wind-vane. • r 

The Average of these momentary directions for any one point in a chsonel my be 
a$9umed as the Average direction of the stream at that fknni But there is no eer- 
tunty that this Average direction is necessarily parallel to the cvrtent-azis. I» fact 
It is certain that at some parts of the stream the current sets one way, at soMe 
another. 

[This is known both from the Experiment of Ch. XVII, lla, indicating smfaee- 
motion flrom the bank8^(aBd oonsequently sobsurf ace-motion towaids the banks,) and 
also from (the Author^ preliminary) Experiments with Moore's Current-Meter, 
which was found to take up varioas <*avcrage difeetions '^ in dUflfereat parts of the 
channel diilering very markedly from parallelism with the cnnent«xi8 ; from the grsal 
sise of the Instrament (191" long), this was readily visible at depths aot > 6 feet}. 

To amn up then, it may be aaid that— 
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''The 'oriMUtion' of a Cnnrent-Meter wh«n effected by the action of its Tail 
is Qoeertain in two wajB :— 
1^ There is oaeillation doe to the Unsteady Motion of the water. 
2°. The * ATenge Direcdon ' at each point of a section may be different, and 
is unknown ii priori*'* 

Sy iii. UNOBBTAnfTT OF FOBlTiosr.— •This yaries reiy mnch with the mode of nse : 
and is wont of coarse when the Instrnment is nsed with a free suspension without any 
Vertical gnys or guides. One illustration will suffice^ 

U$e of Mo&reU Cumni' Meter. The directions supplied with the Instrument were 
that it was to be let down into the stream by means of a stout cord or light chain 
to the required depth. But when so let out it is of course at once carried down- 
stream by the current, so that the lowering chain no longer hangs yertically. This 
effect can he lessened, but by no means cured, by attaching a heavy weight to the 
Instrument, (thus increasing of courBe the obstruction caused.) 

In the Author's preliminary EzperimentB mth this Instrument, a lead weight of 
10 lbs. was always slung by a short chain a littie below the suspension-axis of the 
same : the whole mass was, however, always swept down-stream by the current, so that 
in the final position of relatiye equilibrium, the suspension-chain was always (as 
might be expected) in a markedly inclined position, and frequentiy (in consequence 
no doubt of transverse sub^urrents) not even in a vertical plane parallel to the current- 
axis. But as the position-angle of the diain was unknown ^ priori, and not easily 
measurable (at any rate under the water), the real poeitiom of the Instrument was 
also unknown. Moreover, from the Unsteady Motion of the water, the Instrument 
kept oonstantiy swaying both up and down, and from side to side. 

But this is by no means all : the *' starting action " was found to add very much 
to the uncertainty of position. The'* starting cord" of this Instrument is neces- 
sarily a stout one, as' it has to relieve the suspeuskm-chain during the time the Meter 
is *< in action " of the whole weight of the Instrnment and its appendages, and of the 
Cnrront^pressure thereon ; so that it ought in fact to be as strong as the chain itself. 
A stoat <* salmon-line" was nsed in these Experiments. 

This line must be kept decidedly slack when the Meter is not in action. The cur- 
rent-pressure on so stout a line throws the ** slack '' into festoons between the points 
of attachment of the line to the chain. The sudden tug needed to gather in all this 
''slack", and also start the Instrument with certainty with the requisite suddenness, 
(to admit of accurate timing,) was found to give the Instrument a smart jerk upwards, 
after which IHwayed about somewhat violentiy, so that the uncertainty of its pod- 
ti<m was much increased on first starting. 

This uncertainty of position (with free suspension) is quite analagous to the un- 
certainty as to the depth of immersion of the Sub-Float (Ch. IX, 8, vii) of the 
Double-Float 

[In the case of the Moore's Current-Meter used as above with free suspension, it 
seemed to the Author so great as to render this mode of using the Instrument quite 
useless]. 

This fault can be almost eliminated by the use of vertical guys or guides confining 
the motion of the Instrument nearly to a vertical line. 

3}iv. Unobbtaintt OF 6EABiNa-->The ordinary mode of gearing and ongearing 
the Instrument is by means of a light cord attached to tbe '* retaining spring " of the 
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Instmment, and led np to the Obaenrer'fl hand. This spring ought to be raised and 
released quite »udd$n,ly at definite instants recorded by a chronometer. It is impos- 
sible to raise the spring with the requisite suddenness, unless the ** gearing cord ** be 
taut at the time, (so that there shall be no slack to take in at the critical moment.} 
But it is impossible to preserve the cord taut during the act of lowering the Inatni- 
ment into the water, with any of the ordinary modes of mounting : so that the ad- 
justment of the '* gearing cord " to the proper degree of teutness must be done itfur 
the Instrument is in position. This is, however, a matter of some nicety* as the 
*< slack " of the cord has to be taken in against both the current-pressure, and friction 
on the rings or guides through which it passes : in a swift stream the current always 
exerta considerable pressure on the cord, so that in taking in the " slack " there is 
risk of accidentally gearing the Instmment 

[With Moore's Current-Meter (when slung from a rope or chain according to the 
instructions supplied with the Instmment) this risk is by no means small ; it 
an accident of frequent occurrence in the Author's preliminary trials. The risk 
afterwards a good deal lessened (but by no means removed) by changing the ** re- 
taining spring " supplied with the Meter for a much stronger one, capable of bearing 
better the original tension of the cord due to the current itself]. 

A similar uncertainty attends the ^ungearing" of the Instrument, which la not 
always effected at once by the simple slackening of the <^ gearing cord ". 

This uncertainty is a very sertous fault, as it throws great dauUontke vake oj the 
indicatUms of the Instmment 

S, ▼. Noif »HEA8nBBMENT 07 " TOBWABD YKLOOiTT "^— It has been expluned 
(C!h. IV, 1) that the " forward velocity" is much the most important in a hydraulic 
sense. But, from what precedes (Art B, ii) it will be seen that in the ordinary use, 
(i.tf., when the orientation is effected by the ''Tail-action ") the Instrument cannot 
measure ** forward velocity "• In tiUs use, it can only aim at measuring the— 

^ Average-velocity (estimated in the avenge direction of the Inatrnment's axis) 

of the mass of fluid particles passing", 
and it follows from Art 3, ii that this direction Is unknown d priori^ but is certainly 
different In different parte of the channeL 

This fault is a very serious one In the utility of the Results, for It Involves that — 

** The Besulte are (at the best) velocities in unknown directions, and cannot there- 
fore be reduced to forward velocities", —...•- • (1). 

A most important consequence follows in the application to Dischaige-measore- 
ment:-^ 

** DiBcharge-measnremento eompnted from velodty-measuremente with Oirrent- 
Metors whose orientetion depends on their Tall-action are caterii paribui always 
over-estimated", - •« (2). 

TUs fault can only be got rid of by fixing the Instmment rigidly In direction 
(parallel to the Current-Axis) : this Is nnfortanately a matter of much difllcnlty 
(perhaps impossible) at great depths. 

3, vi. Failubb nbab 8UBFACB^-It Is obvlous that the blades of the ''Fan " 
mnst be completely immersed, so that the Instrument cannot measure velocity at ike 
surface, nor at a depth below the surface less than the mdins of the " Esn ". Thus 
this fault increases with the else of the "Fan". It is increased also (in the absence 
of a bridge) by the neosHlty of nse of a boat or pontoon^ firom the disturbance there- 
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hj cawed in the water near the smrfaoe : bo that the actSon of the butranieiit is 
imoeitam at all moderate depths (within the inflnenoe of the Boat). 

8, TiL A certain amonnt of force is required to oreroome the friction of the work* 
ing parts : so that with ereiy CnrrentJIf eter there is a certein minidinni Telocity 
leqoired to start and work the Fan ; Telodties less than this are not recorded at all. 

8» Tiii. Delay in SAisiHa to BXAa^ln all the codinaiy patterns the Instm* 
ment has to be brought to the surface erery time it is to be read. This involTCS a 
great waste of time, and a good*deal of fatigue on the working Sta£L In the Author's 
experience this is a very serious pracHcai fault 

8, iz. CHOKiNa BY WBBD8.— In a stream bearing even swuM bite of weeds, 
the Fan is veiy liable to be partially or eyen wholly clogged with weeds. In such a 
stream great waste of time may occur from this cause, as every Experiment in which 
weeds have clogged the Instrument should be rejected. But the presence even occa- 
sionally of weeds throws doubt on all Experimente in such a stream ; as it may 
readily happen that the action of the Fan might be temporarily clogged by passing 
weeds, witiiout this being recognised. In fact the Instrument is quite unsuited for 
use in a weed-bearing stream (unless amngemento can be made for rendering the 
presence of the weeds yisible.) 

8, X. iHYisiBiLiTT AT WOBK.— The Instrument is of course quite invisible at 
all depths over a yeiy few feet This would be of little disadvantage in itself, were 
it not for the consequent difficulty in recognising with certain^ serend of the fanlte 
above detailed, viz.— 

^ Uuoertainty of orientetlon, of position, of gearing and nngearing, and lastly, 

choking by weeds *'• 

8» xi. EzPBNBB.— The cheapest of these Instmmente known to the Author costo 
about £5, and they range at all prices certainly up to £13. These would not in 
themselves be prohibitoiy prices, if one or two Instmmente would suffice, but some 
hydraulidans go so far as to recommend timMltafteouM observations at many pointe of 
a OosB-Section with a system of Meters. The expense of so laige a stock would 
then be veiy great 

I8ee Mr. Clemens Herschel's suggestions at p. 126 of Amem. Socy. Civ. Engr. 
Trans., VoL VU of May 1878]. 

3f xiL DBLiCACT.^The delicacy of these Instmmente will always be a great ob- 
jection to them. The Fan and the Becording Works are both decidedly delicate ; the 
former is veiy liable to injury from accidental blows, e, g,^ contact witii the bed, im- 
pact of drift, &c., and the latter are liable to iigury from rust and silt This delicacy 
is a great objection on account of the difficulty and expense of repairs or renewal 

8, xlii. Unobbtainty of bboobi).— The graduations of these Instruments are 
intended to indicate ra/ohuiatu of the Fan, and when used in conjunction with a 
chronometer, the number of revolutions of the Fan per second can of course be at omee 
deduced. But this is all ; the velocity of the water passing can by no means be so 
readily inferred. In fact aU modem Experiment shows that the ** dip " of the screw 
varies not only in different Current-Meters, but even in the same Current-Meter, 
at different velocities, so that the t^tlocUy of the water passing is 2y no mea$u pro- 
portional to the Muder of reeo/vtioiu, but is eommeeted therewith hf some compUm 
relation* which i$ at preeent eertaMy ifoknown h priori^ and which can therefore 

* SoBie BxpfldiDinten oonsldflr this relation to be Unetit eome psnboUo^ eUlptie, bTperbolio snd 
loon; 10 that tlMN is little igreenuBt. 
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only be determined by a Uborions series of experiments sepaniely /or eaak 
Instrument (carried throaghoat the range of TeLodtieB at wUeh tiie ImtmnMnt is 
to be used), 

[This amopnts to a great inconvenience, as no Instmment can be osed wUh anj 
certainty until the valae of its graduations has thus been specially detennlned hj 
experiment (French ^ tarage ") : moreoyer, this preliminary experioMnt (tarage) ooglii 
ondonbtedly to be done* with the Imtrument fixed to ike very Bodt, and with the 
very Hfting Oear to he iubsequentlff wed, as a change of either the Boat (ur lifiiqg 
Gear might cause a change in the ** tare " of the Instmmentl. 

Opinion qf GenU Allot, (Lake Hiyer Beport of '70,71»p. 621).— The opUdon 
of GenL H. Abbot (one of the Mississippi Experimenters) upon this point eamiot 
fail to have great weight: he writes— 

<'In my opinion, founded on a somewhat dose study of the subject, instmmenti 
of this daas are pretty toys, which have contributed more to retard the progveaa of 
diaooTeiy in the science of riv^r hydraulics than any other one cause. Thin is doe 
principally to the fact that they register their results in a hind of cipher, to whidi 
we can by no means be sure that we posseu the key. 

To translate a given number of revolutions of a submerged wheel inta Tolociiy 
per second, and by this means to detect laws whose existence is denoted only by 
differences of a few tenths of feet in this velocity, is so delicate an operatioiit that 
errors in the co-efficient have usually masked the laws.'^ 

8, xiv. (yONSTBUcriVB Faults.— These Instruments— as supplied from the 
makers— have often various petty faults of construction, which amount sometinies to 
serious practical drawbacks. Among these may be mentioned — 

1^ Use qf wrong-handed serewi. The Fan is in some instrumentBt acrewed 
on to the end of the rotating axle by a screw-motion opposite to that produced by 
the current, so that the current-action actually tends to loosen the Fan and may even 
entirely unscrew it. 

[In the Author's practice, the Fan of a R6vy Current-Meter was lost while in 
actual use (under water), apparenUy solely in consequence of the current-action on* 
screwing the Fan off its bearings : thus a valuable Instrument was rendered useless]. 

2^ Cempleaity of reading diaU* In Moore's Current-Meter there are ^y^ 
reading dials ; these are enclosed (with the recording works) in a glass tube, which 
is always dripping wet when the readings are made : only a small portion of each 
dial is visible, as they partiy hide each other : alternate dials read opposite wi^ 
(i.«.y some with, some against, the sun). The risk of mistake in reading is in 
consequence— when many readings have to be made in a long day's work — ^very 
considerable. 

4. Veloeity-measorement.— Supposing the << tarage " of the Inalm- 

ment to have been effected (Art 8, xiii), the qaefition arises as to what 
is the natare of the Telocity-measarement made. From the £act of the 
Instrument having to be ran throngh a certain interval of time to fnmiah 

* To give oonfldenoe in the Bosultis, a oertiflcate that thla hat been carried <mt ooght alwaji to be 
appended to every Report on BxpcrtmentB with Onrrent-Meten. The neoeeiity of thia has hlttMrto 
been orerlooked in general. 

t The Snpdt. of the Roorkee Workshops reports that this was the common wnMmMon in tiie 
Elliott's Conent-XeterB formerly imported (to India) from England. 
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Ha indications, it ifl clear that it cannot meafltire the actual vblooity of 
the flaid passing it, bat only the — 

** Average of the yelodties of the flaid particles passing within the given time", 
and these velocities thus ayeraged T?ill be either — 

1^ Total yelocities ; 2®, Total horizontal yelocities ; 8^, Forward velocities, 

according to the mode of mounting the Instrument as explained in 

Art. 8| y« 

Thns the relocity-measnrements made are in fact ArBBAaB-YsLOci- 

TIBS of one of the kinds above described : and, provided the mounting bo 

such as to yield " Forward Velocities ", the Result obtained (when the 

Instrument is run long enough to eliminate the effect of Unsteady Ho^ 

tion) will be of the most practicallif tuejvl kind^ viz., the Avbbaob Fob- 

WABD Vblooity. 

[Thus the Besnlt possible to be obtained (nnder the most favorable arrangements) 
is more immediately useful than that given by use of (single) Floatsl, 

5. Preliminary Experiments.— A great many preliminary trials 
were made by the Author both with the Boorkee Current-Meter fixed 
to the end of a pole, and with Moore's Current-Meter slung from a chain 
{nB directed in the printed Instructions supplied by the maker), but the 
Results were not satisfactory. The Meters were tried by running them 
for half^minute and either one-and-a-half or five-minute intervals in 
suceession at same depth : the Results were rarely accordant. Part of 
the discordance is obviously due to the Unsteady Motion of the water, 
but if this cannot be eliminated by running the Meter for so long a 
period as five minutes, there is little advantage in their use in preference 
to floats. The uncertiunty of gearing and ungearing the Moore's Our- 
rent-Meter appeared excessive. 

Ont of the faults above detailed, Nos. ii to v (viz.. Uncertainty of 
orientation, of depth, of gearing and ungearing, and non-measurement of 
fbrward velocity) appeared to the Author so serious as to render the 
employment of Currtnt'Meters (in any way subject thereto) eimply useUea, 

9. Ouzreilt-Meter Lift, (PI. LI).— The Apparatus figured in PL LI 
was designed by the Author* to secure the following advantages :-— 

2^. Certainty of orientation of the Meter parallel to the caiTent«zisL 
8^. Certainty of position (depth) of the Meter. 
4*. Certainty of gearing and nngeariog. 
fi". Measurement of ** forward Telocity ''. 

• Tin details of the Ditrfgntradne to the Soperlntndent of the Boorkee Workd^ Aagvm 
CiiapMl), who kindly nadettodc the oonstmctifln from Um Aathof's roogh dinctloMt 
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TThe nnmbering (2^—5^) oonesponds to the nnmbering of tiie Faults (Nos. ii-^r 
of Art. 3) hereby obriatedj. 

Oertain minor adyantages also ensued, thas : — 
L The certainty of orientation enabled the laq^e Tail to be dispensed* with 
(this being required only to preeerre the orientation of the Axis), thus 
redacing the distnrbance of the water by the Instnunent, (Fault No. i). 
IL The removal of Faults Nob. ii-4v reduces the disadvantage of the inrisio 
bility of the Instrument when at ^rk (Fault Na z). 

The Lift consifited essentiallj only of a lof^ Lift-Bar (B), to the foot 
(S) of which the Carrent-Meters were fixed, capable of freely sliding (rer- 
tically) op and down inside a Qnide-piece (Q) fixed on a Stand npon the 
platform of a Pontoon^Baft; a stout wire (to) oonneoted with the Car- 
lent-Meter Check Spring, working inside a groo?e in the Bar, served as 
a yery efficient Qearing Apparatus. 

Detailed Deacriptian. The parts of the Apparatus will be described 
in following order : — Quide-piece, Stand, J/ift-Bar, Current- Meter At- 
tachment, Qearing arrangement, Lower Gutcb. 

6a- Ouide^ieee and 5toiu2.— The Guide-pleoe (G) consisted (Fif, 1 , 6), dmply of 
2 flheet-iion cheek-pieces each 27' X 5" x i" riyetted and bolted respectiyely on to a 
ba(JL-piece and front-piece (/ ), each of 1' x f ' bar-iron and 27* long, forming a 
<• Guide " 27* long and of nearly ^ xV secUonal aperture, (inside which the lift- 
Bar slid up and down.) The front-piece (/) was made removable by the handle k 
(1^. 1), so as to admit of ready insertion or removal of the Lift-Bar. This Guide* 
piece was fixed (rivetted) upon the Stand at a height of 3^ above the pontoon-plat- 
form. The Stand consiBted of 4 angle-iron Legs splayed outwards like the 4 edges 
of a pyramid, rivetted at Und feet to twa angle-iron Foot-pieces (fig, 2, 8) which thus 
preserved the lateral splay ooraect The ?oot^ieces were bolted on to the Pontooa- 
platform. A curved rod4ron Distance-piece D (^Fig. 2, 8), between the front Lege of 
the Stand prevented the cheeks of the Guide-piece from springing open when the 
front-piece (/ ) was removed. 

6b. Lift-Bar. --The Lift-Bar B (Figs, 1, 2, 5—8) was a 8* X f bar-iron, and 
was provided with a toothed rack (rj at its ba(^ extending from the head to within a 
f^ inches of the foot (S). At the foot a soeket (S) was formed for attachment of 
the Current-Meters. Lito this rack (r) worked a small pinion (not visible in the draw- 
ings) fixed near the foot of the Guide-Piece by means of the handle (H) and crank- 
wheel (P). By this rack and pinion the Lift-Bar could be slowly and steadily raised 
and lowered in a vertical position. A Batchet (R), which could be ndsed by the 
Lever (I, Fig, 1), served both to retain the Lift-Bar in any desired position, and also 
to prevent tiie sudden fall of the Lift-Bar in case of the pinion handle (H) escaping 
from the hands of the men working it when in the act of raising or lowering. A 
stout wire with aT-head (T in Fig*, 1, 2) screwed into the head of the Lift-Bar ad- 
mitted of the depression of the Lift-Bar entirely within the Guide-piece ; the T-head 
prevented the Lift-Bar Back escaping below the range of the pinion. 

* Tliellooora'BCnrrait-Mefcerdiow]iMiniue(atM)inPl.LI wlllbe seen to be only IS* kmg: 
fhls if in oonMqaenoe of the removal of ite TUl, (the f nU length being 19*. ) 
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Three of Uiesa lift-Ban 7'}, Kfi, and 16' long were provided for nse in different 
depths of water. 

6o, Oraduation of Lift-Bar.^ThB depth of immersion of the Cnrrent-Meter 
was seen hj noting where the water-snrface cnt the Lift-Bar. To this end the Lift- 
Bar was marked with gradoations of whole feet, the lowest mark (1 foot) being 6' 
above the end of the Bar, or 12* above the Axis of the Carrent-Meter {see next Art.). 
The teeth of the Rack served as minor gradaations (tee Fig, 5). 

[The depth of immersion conld not of course be determined very accnratcljr (pro- 
bably not nearer than *05 of a foot), partly on acconnt of the difficnlty of seeing the 
water-snrface distinctly through the opening (A) in the platform, partly on acconnt 
of the rash of water ronnd the Lift-Bar dne to the obstrnction caused by it But 
this inaccnracy is inherent in the nse of the Carrent-Meter itself, being present in 
all systems of mounting]. 

6d. Current-Meter Attaehmente, — Every Carrent-Meter to be nsed with this 
Lift had to be famished with a special Foot (F in Fig. 1), fitting into the Socket 
(S) for attachment to the Lift-Bar, and also with a special Union-Link (not shown in 
the drawings) for connecting the long Gearing Wire (jc) with the Gearing or Check- 
Spring of the Current-Meter. These Feet were designed so that in every case the 
Current- Meter Axis should be held in a horizontal potition, parallel to the fiat tide 
of the Lift Bar, and at a depth of 6' below the end of the Lift-Bar, and ^Iso so 
that the special Union-Link should be nearly vertical. 
[It was a matter of some nicety of workmanship securing all these points at once]. 
Thus, when the alignment of the Pontoon-Raft was correct, the Carrent-Meter 
Axis was kept conttantly horizontal, parallel to the Current Axis, and at a known 
depthf (so far as the Unsteadiness of the Pontoon-Kaft would allow), thus securing 
the advantages Noa. 2^, 8°, 5® set forth above. 

6e* Gearing Arrangement.'^Hhia consisted of a long Gearing Wire (w in figs. 
5, 7, 8) i' thick, connected with the Corrent-Meter Check-Spring by the special 
Union-Link, worked by the Gearing Lever L, ( Figt. 1, 2, 5). The Gearing Wire was 
contained within a groove simk in the front edge {Figt. o, 8) of the Lift-Bar, and was 
retained therein by Bridges {h in Fig. 7) of sheet brass, placed across the groove, and 
countersnnk within the Lift-Bar so as not to interfere with its passage through the 
Guide-piece. The upper end {t) was bent roand (Ft jr. 1) so as to prevent the Gearing 
Wire falling into the groove (when the Instrument was detached). 

After attachment of a Current-Meter, the weight of the Gearing Wire rested— so 
long as the Meter was not in action— npon the Union-Link, and through it on the 
Meter itself. In this state the Carrent-Meter was lowered into the water through 
the opening (A in Figt. 8, 4). There was only a small amount of play between the 
gearing attachments, so that a very slight motion (about ^') of the Gearing Wire 
sufficed to raise and depress the Current-Meter Check-Spring. To enable this to be 
done conveniently, a series of small holes (o in Fig, 7) were bored in the Gearing 
Wire. A special Gearing Lever (L) was provided fitted with a clamp (Q in figt, 2, 7) 
for fixing it on to the Lift Bar. After the -Current-Meter had been lowered into 
the water to the desired depth, the Greariug Lever L was screwed on to the Lift- 
Bar with its nose inserted into one of the holes {o) in the Gearing Wire at any part 
of the Lift-Bar that happened to be convenient (as at L in Figt, 1, 2). In this 
position a slight motion of the handle (L) anfficed to raise and depresa the Gearing 

8 A 
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Wire, and with it of coarse the Current-Meter Check-Spring. With a little practice 
this motion of gearing and ungearing could be done with great certainty. 

6f. Lower Clutch.^To steady the vibration of the Lift-Bar when the Current- 
Meter was in the water, a sort of Clutch (shown in Figt. 1, 2, 3, 4) was provided upon 
the Pontoon-platform, consisting of two cheeks (C) mounted on slides which could 
be screwed up close together by the screw s worked by the crank* wheel r, so as to 
enclose and loosely grip the Lift- Bar, thus giving an additional point d*appui at the 
level of the platform. 

The Clutch could be opened out by the screws « to the full width of the opening 
(A) in the platform to let the Current-Meter pass through. Thus, when the Carrent- 
Meter was in the water, the Lift-Bar was gripped throughout 27' of its length bj the 
long Guide-piece, and 38" lower down by the Clutch. 

7. Improved Lift. — The Apparatus as actaally constructed was by 
no means a complete success. From want of experience, (there being 
no description of such an Apparatus ayailable,) the Design itself was 
faulty in some points, and for a similar reason (want of a pattern, and of 
experience of such work) the workmanship and fitting together of the 
working parts were imperfect. 

I^The chief fault of Design was the weight and nnwieldiness of the longest (16*) 
Lift-Bar : this made it awkward to handle, and gave rise to very unpleasant vibration 
in a high wind when the Bar was fully raised for reading the Current-Meter (at 
which time about 13' in length projected unsupported above the Guide-piece). The 
weight of the Lift-Bar could be reduced in any future Design by making it either of 
smaller scantling, or else in form of a hollow (rectangular) tube : the vibration when 
fully lifted could be reduced by providing a taller Stand with an extra Guide-piece 
overhead. 

The want of good fitting caused an excessive amount of friction in the working 
parts : so much so that it required considerable exertion on the part of two men to 
work the pinion used for raising and lowering the Lift-Bar. The use of brass or 
gun-metal (instead of iron) in the cheeks of the Guide-piece and Clutch would be a 
decided improvement in reducing the friction : and the substitotion of a wheel and 
pinion instead of the simple pinion would reduce the exertion of raising and lowering. 
A great advantage could be gained by counterpoising the Lift-Bar, as this would 
reduce the exertion of raising it to that of overcoming the friction, and would enable 
both raising and lowering to be done with equal care, and with far greater steadiness 
than was possible with the uncounterpoised Bars. The use of a coanterpoise would 
involve of course a great increase in height of the Stand, as the counterpoise-pulley 
would have to be placed above the extreme range of the longest Lift-Bar. 

The fitting of the Gearing Wire was also by no means as good as could be wished, 
and involved some <* humouring " in working it. This could be improved by making 
the Gearing Wire fit into its groove pretty closely, so as to allow no lateral play (as 
this causes some uncertainty in working the Gearing Lever) ; and the Wire itself 
should probably be made of brass. Partial counterpoising of the Gearing Wire would 
also be an improvement, as it would throw less work on the Gearing Lever. 
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The additions suggested would bo a great improvement to the Appara- 
tus ; but great nicety of workmanship would obviously be required, (greater 
probably than could be expected at the present day from a Workshop in 
Northern India,) and the expense* would be greatly increased. 

8. Beep water Lift.— -It is clear that the use of a Lift of pattern 
here described is — at any rate when used from a Eaft — ^limited to depths 
not exceeding 12' or 15', in consequence of the great height to which the 
Lift-Bar would rise when fully raised, (this height' — above water — being 
at least 8' more than the depth of water.) In deeper water therefore, 
some other (and less perfect) mode of mounting is unavoidable. 

[In deep water the R6vy method — ne Art 3, i aboye— seems probably as good as 
can bo arranged. It has the advantage of enabling the Meter to be so fixed as to 
record " forward velocity ", an advantage not possessed by most other modes («.^., 
those used in the Lake Riverf and GonnecticntJ Experiments).] 

9. Bbsults with thb Gurrbnt-Mbtbr Lift.—- From various causes, 
such as pressure of more important work, &c., very little use could be 
made of the Lift before the Experiments were brought to a close by order 
of Oovemment. Enough was, however, done with it to show that, even 
with the somewhat imperfect Design and Workmanship unavoidable in 
a first attempt, it secured sufficiently the important objects (Art. 6) 
which it was designed to meet, and to render it certain that with the 
improvements suggested, and with better construction, it would have 
secured them very efficiently. So that th$ first object of itt construction 
may he said to have been attained* 

Moreover, when the Current-Meters were worked with this Lifl, there 
was often a fair accordance between the Results obtained by running the 
Meter through half-minute and one-and-a-half or fiye-minute intervals 
in succession, leading to the belief that when worked with a favorable 
mounting (such as this Lift), the effects of Unsteady Motion of the 
water could probably be eliminated by using five-minute Huns. The 
amount of Experiment available was unfortunately not enough to estab- 
lish this with certainty. As the '* tarage " of the Instruments had not 
been effected, it is not thought worth while publishing the details. 

* Th« ApiMntos ai aotoally made np cost Rs. 868 (or aboat £87) including the special attach jients 
for 8 Cnrrent-Meten, bat ezdniiTe of the Pontoon>Raf t. 
t Lake River n«port of 1869, p. 565, and Franklin Inst. Jonmalf Tol. LVII of 1869, p. 809. 
t Connoetieot Report of 1878| p. 807, 
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10. Improved Cnnent-Heter.— Obserying that a Gnrrent-Heter con- 
sists essentially of two parts, viz., the Fan which receiyes the impulse 
of the water, and the Eboordinq Works which simply senre to record 
the reyolutions of the Fan, and that the latter are commonly the bulk- 
iest part of the Instrument, a very great improyement might obviously 
be effected by simply separating* the Becording Works altogether 
from the Fan, and placing them above water in any place convenient to 
the Observer. The connexion between them should be electrical, and 
should be of such a kind that every revolution of the Fan should be 
followed (or copied so to speak) by a revolying index above water : there 
would thus be no necessity for gearing or ungearing ; every motion of 
the Fan would be *^ copied " by the yisible index, so that eyery passage 
of the ''index '* past a fixed point might be timed by chronometer, (or, if 
too quick for the eye to follow easily, a train of wheels might be intro- 
duced to reduce the speed of the index to a rate conyenient to the eye.) 

The adyantages gained by this alteration would be~- 

P. A great redaction of the bnlk of the snbmerged portion of the Instrument, 

with consequent reduced distorbance of the natural motion of the water. 
4?. Removal of the uncertaintieB of gearing and nngearing* 
7°. Reduction of the resistance to the motion of the screw by the remoyal of 
the recording works (the resistance of the recording works being exchanged 
for the far smaller work of making and breaking an electric contact), and 
consequent reduction of the *' slip " of the screw, thus making the Listra- 
ment far more delicate. 
8^ The sanng of the delay of lifting the Instrument out of the water to read. 
10°. The placing of the " copying index " in a position always visible to the Ob- 
server, thus removing many of the disadvantages of the invisibility of the 
Instrument. 
[The numbering (1°, 4°, 7*, 6°, 10^ corresponds to the numbering of the Faults 
(Art S) hereby obviated]. 

The adyantages in fact of this improyed form appear so great, that ii 
seems that it should supersede eyeiy other form : there is of course the 
little additional practical difficulty of preserying the electrical arrange- 
ments in good order, but this is belieyed to be a small matter, 

11* Lift for Improyed H6t6r.*-To secure the advantages of certain^ of 
orientation, certainty of position, and measurement of " forward velocity ", some sort 

* Infltnuneotfl of the Und here deacrf bed were nied in the Amertcui Lake River and Connectkot 
Bxperimeats, and are eaid to have given latiataction ; Me Franklin Inat. Journal, Vol. yil of '69, 
p. 907, €t ttq' I Lake BiTer Beport of '69, p. 666, tt uq, ; and Oonnecticnt Bepoct of 76, p. 908. 
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of LiVT simiUr to that aboro described would still be neoessary, but a simpler (and 

therefore cheaper) form would anffice, tfana— 

1^ The Instmment, not requiring to be lifted for reading, need only be lifted 
jnst free of the water, {. e,, jost high enough to enable it to be detached from the 
Lift-Bar. The Lower Clutch might accordingly be dispensed with, and the Guide- 
piece might be carried down to within about 8' or lO* of the water ; this would 
give increased steadiness to the Lift-Bar when immersed in the stream. There 
would thus also be less yibration in the Lift-Bar when fully lifted, as it would 
not be lifted so high as in the other case. 
2**. The Gearing Arrangements would be umecessary. 



CHAPTER XXIV. 

SILT. 

Pr^oee.— This ChApter oonteinB an Aooonnt of the mode of Bilt Collection (Art* 3'-4b) and Esti- 
mation (Art. 4o— 6) with Dlacnaslon of the Reealts (Art. 7—11). The most important Aitiela axe 
Alt. 8c, 9c. 

1. Object of Silt-Collection.— The collections of Silt detailed in this 
Chapter were made with the view of tracing the connexion if anj be- 
tween the qaantity of Silt carried and the Telocity, as well as of simply 
estimating the Total Quantity of Silt carried by the Ganges Canal. 

2. Silt-Tube, C^*^- lO, Pi. XXI V).— The Instrnment* used for collecting samples 
of ult-laden water was a sheet brass Tabe of 2" internal diameter, and 12' length ; 
and therefore of capacity of 87*7 cub. in. per ft of length, and about 452| cub, in, 
in all. One end (F)— which will for shortness be called the Foot — was provided 
with a moveable, close-fitting brass lid (L) working on a hinge, and famished with 
a powerfnl spring (S). The spring was so adjusted as to retain the lid open in 
almost any desired position (see Figure), exerting then only slight pressure on it 
80 that a Teiy slight blow sufficed to close the lid when open : but once shut, the lid, 
was acted on by the spring with full power, which was sufficient to keep the lid closed 
and almost watertight when the Tube was full of water, even if held upright The 
other end (H) — which will for shortness be called the Head— of the Tube was open. 

The use of the Tube was to collect a specimen of all strata of the water from sor- 
face to bed at one operation. Thus on being lowered vertically into a stream, foot 
downwards and mouth open, the water kept rising in the Tube as it was lowered : 
the slight blow of contact with the bed sufficed to close the lid, thereby enclosing a 
specimen of all the strata of the water from the surface to the bed. 

3. Field-work. — This will be described under the heads — 
(a), Silt-Tube Handling ; (ft), Silt-Tube Emptying. 

3a« Silt-Tube^ Handling, — ^When a collection of silt-laden water was to be made, 
the Silt-Tube was first rinsed out thoroughly until quite free from dost or silt, after 
which the lid at the foot was set to '< half-cock " as shown in FUite ; the Tabe was 
then ready for use* 

The Tube was lowered, when in use, from the side of a boat which was allowed to 

* Thli InBtnunant was made over for om on these Experiments from the Roorkee Worlohops, 
where It had lain In depoeit sinoo the oloeoze of the Experiments projected hi 1866-67 by the late 
Lieiit.Col«J.D7a8,B.B, 
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float freely down^stream along any desired Hne (lunially one of the Soanding-Connefl), 
the alignment being preaerved in the same way as in the process of Sounding (Ch.. 
y 17) daring the whole time the Tube was being lowered, so as to rednce the cor- 
rent-pressare on the Tnbe to a minimum. 

[The first trials (No. 1, 2 of Tab. LXXXIV) were done from a moored boat, but 
the cnrrrent-pressure in the swift stream was so great as to make the Tube almost 
unmanageable]. 

The Tube was lowered slowly, (so as to let the water rise gradually inside it,) 
foot downwards, lid half open and pointing down-stream, in as upright a position as 
possible, until the lid touched the bed : a yezy slight blow suflBced to close the lid, 
thereby enclosing a specimen of the water from surface to bed. 

The spring caused the lid to close so sharply, as to be immediately felt by the man 
handling the Tube : he thereupon relaxed his hold, and the boat was brought to a 
standstill by tow ropes worked from the banks : the current immediately raised the 
foot of the Tube off the bed, and it was hauled in an inclined position into the boat 
by means of a rope attached to it about f rds of the way down, (which also served to 
prevent the total loss of the Instrument in case of its slipping out of the hand of the 
man handling it,) one of the men of the party closing the open head of the Tube 
temporarily with his hand so as to prevent escape of the enclosed water until re- 
quired. 

[The handling of this long (12') Tube in a deep rapid stream was found to be 
such hard work, that it had always to be done by one of the European Overseers]. 

8b. Sllt'Tube, Emptying. — The Tube was next held with its head over a' large 
zinc funnel ; and gently tilted so as to discharge its contents into the funnel, and 
thence into a large glass bottle. The lid was then opened, and the Tube well rinsed 
out with some of the water just discharged from it, no fresh water heing added, until 
no signs of silt were visible inside it The bottle was then closed with a glass stopper 
or good cork, and scut to office. 

[Great care was taken to avoid spilling any of the contained water : it was not of 
course possible to prevent this altogether, there being frequently a trifling leakage 
from imperfect closure both at the head and foot. 

On the other hand there was also an unavoidable trifling drainage of water from 
the outside of the dripping Tube into the collecting funnel. The quantity of water 
collected in the Tube (being 2* diameter) was, however, so great, that it is believed 
that these two sources of error in the quantity collected were quite trifling]. 
4, Silt Beductioil. — 'I'he after operations will be described under the heads,— 
(a), Measurement of water ; (5), Separation of silt ; (o), Estimation of silt. 
4a. Water Mbasubbhbnt. — The silt-laden water contained in the large glass 
bottle was allowed to settle for a day or two in office, after which the whole of the 
upper portion was quietly decanted with a glass siphon into one or more glass mea- 
sures, leaving a stratum of about 3* depth of water containing nearly all the silt 
This remainder was violenty shaken up and thrown into another glass measure. In 
this way — there having been no loss by evaporation — the fvh4)le volume ot water 
collected was measured. 

[This quantity was nearly always somewhat less than the quantity collected should 
have been, calculated from the known depth of water at Site of collection and dia- 
meter (2^ of the Silt-Tube. This is explained in Art Sa]. 
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4Ii. Silt Sbfabatiov.— After measnieiiient m above of the quanii^ of fluid 
collected, the large glass ooUectiiig bottle (which still contained some adherent silt} 
was rinsed oat several times with some of the nearly clear water first drawn off into 
the measure last nsed, so that all the silt was thus collected into one measore in a 
small qnantity of water. 

The Silt was next separated from the water by pssdng through a ** filter ** of 
ordinary filtering paper (as nsed in chemical laboratories) ; the last portions of silt 
adherent to the glass vessel were removed by caref nl washing with a ** wash-bottle " : 
thns the whole of the Silt was finally collected on the filter paper : it was then 
left to dry, and after diying carefully packed away to await the next proceas of 
weighment 

[The filtration was a very tedious process, sometimes occupying nearly the whole 
of the working hours of one day ; requiring frequent attention moreover the whole 
time to enable the filtration to be carried through in a day, especially in the dry hot 
weather ; as if the ** filter " once dried (as it often did, if left for the night) before 
the filtration was finished, ite pores became clogged, after which the filtration became 
intolerably alow. Occasionally a '* filter " broke during the filtration, thus involving 
a second filtration through a sound " filter "]. 

4o. Silt Estihation.— Before being taken into use, every " filter " was dried 
in a *' water-bath ", and then weighed (whilst hot) in a good chemical balance (by 
Oertling). This weight (say F) was then noted on it in pencil. 

After collection of the silt npon a *" filter", the filter with ite included silt was 
again dried in a water-bath, and then weighed (whilst hot) in the same balance. 
Call this new weight (F+S). Then the weight of silt present was found as the 
difference between these two results, i. a, S = (F + S) - F. The weighing waa 
carried to the hundredth of a grain. 

[This process of weighment* was of course very laborious. The amount of nit 
to be weighed was often so small (sometimes only -fif grain — see Tab. LXXXIV, 
Na 21), that this care seemed requisite ; the filter paper is so hygroscopic that it 
was thought necessary to do the weighmento at the definite temperature given by a 
water-bath ; this precaution was especially needed in the rainy season*]. 

S. Silt-Bensity, (9).-^Thi8 term will be nsed for shortneBS to express 
the density of aggregation of the 8ilt in the water (not the density of 
the silt iteelf,) and it will be measured in grains per cubic foot^ and de- 
noted by 9. Thus — 

Silt-Deksitt, (ff) = Average Number of grains of silt in a cubic foot of 
water, .• ^ (1). 

The actual amounts of Silt and Water in each sample are shown in 

the. Tables LXXXIV, LXXXY in grains and cubic inches respectively, 

so that the Silt*Density as above defined is obviously to be computed as-» 

Sat-Dendtr. W = 1728 X ^"'gh* "f 8iU i»mpl« (in grato,) ^ 

•" ^ -^ Volume of water sample (m cubic mches) ' 

* The weighment was at flnt kindly undertaken b7 Dr. Mnrraj Thomaon, Prof oeaor of Bxperi- 
mental Sctenoe In the Thomaaon C. B. OoUege : as the wozk Increaaed, it waa taken up I9 tht Anther 
blfluelf , the CWege Lahoratoiy fnatrnmeats being made available for the work. 
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"From the mode of coUection, (the Sili-Tabe stretohiiig from the sur- 
face to the bed,) it is cleftr that the qnantitj o thus obtained is reallj the— « 
^Average Silt-Density in the vertical of collection'', ••# .(.%), 

5a* Form of Results. — ^Writers are by no means agreed as to the best form of 
presenting the Results, nor even as to the most convenient units of measnre in which 
to express them. The Silt-Dbhsity is iu general nse, bat expressed in varioiis 
units as shown below— 
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n grains in 1 pint, 
n grammes in 600 grammest 
n grains in 1 cnb. ft. 
1 part in n parts by weight. 

volume. 



n 



99 



n parts in 10,000 by weight 

1 grain inn grains. 

n* grammes in 100 grammesL 
fi grammes in 10,000 grammes. 

n parts in 100,000 by bulk, 
n parts in 100,000 by weight 
n grains in 1 cnb. ft 



The error liable to expressing the Silt wlumelrieally hasbeen well shown in the 
Mississippi Report, p. 148. 

The form of preeontiog the present Results (in grains per cub. ft.) adopted for thts» 
Werk has been chosen chiefly on account of the ease with which the Total Silt* 
DiscHABOB can bo computed from it 

[Exception has, however, been taken* to the nse of the above quantity Silt^DBN- 
arrr as being a totally unsuitable quantity for comparison with the velocity of the 
current The objector considers that the Total Silt-Discharge (per second), is the 
proper quantity to be used {see p. 4 of his pamphlet) in this comparison. It will 
suffice to say here that the reasoning given cannot be upheld, and has been disposed 
of fby Genl. Abbot]. 

6. Sllt-Veloeity, and «BisoIiarge.— With the following notation :— 

H := Depth on any vertical whose abscissa is y^ in feet, 

IT =s Mean Velocity past that vertical, infeei per see. 

m ss Average 8ilt*density on that vertical, in ffrauu per e, ft. 

* Van Kostraad's ]laga.,yoL ZIZ£or8«pr. 1878, Berisw of the PhTitaaDd BjfdnHiUcsof tbe 
UlmUAptA RlTW, bj J. B* Bads, 
f In wiM Xaga., Vol. XS, So. OZZI, te Jaiiy* ISTf. 

8 B 
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s = Arerage Rate of silt pasBing that yertical, in fraim {per iq, ft^ per mm, 

D =s Saperficial Discharge past that Tertical, in eq.fi, per mc. 

& = Quantity of silt passing that Jrertlcal, in grauu {per ft, of width) per wee. 

S = Total Qaantity of silt passing through the cross-section, in Vb».^ per tee. 
The quantities 8, S, S estimated as abore in tpeight-uniU per second 
are conyeniently styled by the following short terms :-— 

t = Mean Silt-yelocity past the verticaly (this corresponds to U). 

S = Silt-Discharge past the Tertical, (this corresponds to D). 

S = Total Silt-Discharge, (this corresponds to DO 
Thns it will be seen that each velocity-term and symbol as 17, D, D 
has its corresponding silt-term and -symbol, viz., «, S, S. Then it is 

clear that— 

« = a . U, S = a . D, or a . HU, - ... (4), 

and that the Total Silt-Discharge (S) should be found by the same Eules 

aa used for computing D (Ch. XIX), substituting 8 in place of D 

throughout. 
When sufficient data are not available for the above (clearly the 

proper mode of computation), a very rough approximation to the Total 

Silt-Discharge may be made as follows :-— 

Approx. Total Silt-Discharge (S) = Central Silt-Density X Total Cnbie Dis- 
charge c=<ro* D> •• •• ••- (^> 

It is clear that, in order to secure the best results, the Silt-collection 

and velocity-work ought — ^in consequence of the Unsteady Motion of 

the water — to be done simultaneously upon each particular vertical, and 

that for the last rough Besdt (Eq. (5)), the Silt-Collection ought to be 

made about the middle of the velocity-work from which D is computed. 

7> Sites and Verticals. — The Silt- collections were made at four of the 
Experimental Sites, viz., at the SoUnf Embankment Main Site, Soldnf 
Twin Aqueduct Sites, and Belra Sites, and chiefly on the central verticals 
of those Sites. 

8. Transverse Silt-Curves, (Tab. LXXXIII & PL L.)— It is ob- 
vious that Transverse Curves showing the distribution of silt through a 
cross-section— or shortly Transverse Silt-Curves — ^may be formed by 
plotting the quantities 9, «, as ordinates to the corresponding abscissa 
(measured on the Base-Transversal) : also, if these Curves be super- 
posed upon the Mean Velocity Curve, — formed by plotting the Mean 
Velocities (U) past the same verticals as ordinates to the same abscissn 

* Tb«TotalSi]t-I>li6harse(8)lssol«rgeanombcrwbmnekonadlntia^ 
TOEdntly «z|irMMd is (aToMnpoii) pooadi ptr Mooiid, 
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(measared on the Mme Base-Transyereai)— the relation of the Bilt 
to the Velocity at different parts of a Gross-Section would be ex- 
hibited. 

8a- FiBLD-woBK of Abt. 8*— With the view of tnciog ont the above, a Set of 
8ilt-collection8 were made on two occasions in a good manj of the nsoal Float-Connes, 
ODce at the Solini Embankment Main Site, and once in the SoUni Right Aqaednct ; 
the whole of the collections at one Site being made as rapidlj as possible one after the 
other. The collection in each Float-Course was stored separate, and rednoed sepa* 
xatelj, so that the Ayerage Silt-Density (<r) was thus found for each Float-Course. 

[The labor— both of collection in the field, and of reduction in office— of so 
many separate collections was so yery great, that the Experiment was not thought 
worth repeating. Among other difficulties it was impossible to obtain any number 
of large glass botties (large enough to hold a Tube full of water), so that a great 
number of small botties had to be used ; this was yery inoonyenient. The making 
the Silt-Collection and Mean Velocity-Measurement nmultanetmtljf for each vertical 
was impossible with the available Staff (only two Observers) : the labor of the Silt- 
eoUection was, however, so great, that the velocity-work could not be done even on 
the same day]. 

8b* Tab. LXXXUI and Fl. L.— No velocity- work having been done along with 
these Silt*Collections, it was necessaiy — both for exhibiting the superposed Yelod^* 
and Silt-Curves, and also for computing the Silt-velocities («) and Silt-Discharges 
(S) past each vertical — to bring forward the Average Velocities from Series 111, 
and 153, 154 (combined) of velocity-work done at nearly same water-level as the 
silt- work. 

The Results, vis., the Rod-velocities («), and the Silt-densities (<r), and Silt-veloci- 
ties («) past each vertical are shown on Tab. LXxx.Jm and FL L. The Table 
shows also the corresponding Cubic Discharge (D)^ Total Silt-Dischaige (8)i (com- 
puted as in Art 6,) and resulting Mean Silt-Demdty (ff), and Mean Silt-velocity (7). 

8c« Discussion.— The Diagrams (?l. L) show the Results at a glance. It can* 
not be said that there is any correspondence between either of the curves of Silt 
(viz., of 9, «) and that of Velocity (tc). There is a marked correspondence between 
the two Silt-Curves (those of 9, t) ; but no Conclusions can be drawn from this, 
because this correspondence Lb due simply to the fact that the values « are the product 
of the two factors 9, «, whereof u varies but littie right across the channel, whereas a 
varies greatiy and abruptiy, so that the Curve of « necessarily follows that of ^ to 
a great extent The only Condnaion possible is that as far as the available data 
(only two Curves) go, — 

"There is no obvious connexion between the Velocity and Silt-Density at 

different parts of a Site" ^...^ (6). 

A probable explanation of this Result seems to be that on both the days the 
Silt-Collections were made, the water was not nearly fyiOy charged, and that the great 
and irregular variations of Silt-Density from one part of the channel to another are 
due to the irregular motion of the water, whereby the Silt-Density in sny one verti- 
cal is liable to vary a good deal from instant to instant That such variations do 
occur ficom instant to instant at any one spot can be readily seen by the eyei rapid 
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ivadAtJonxnitsclondSneM being quite obvioas (i^ a&y oae fpot) whenever the watv 
is moderately turbid. 

It would seem then that jnst as the Unsteady Motion of the water renders it necessai/ 
to obtain Ayerago Velocity Besnlts for intercomparison, so there is probably also 
an Unsfceadiness of Silt-Density, in coniseqaence of which A^rerage Siit-DenaitieB 
should be sought for comparison with each other and wifch Average Velocities. 

[If this be really the casei it will be little use attempting to pnrsae the subject, as 
the labor of the Silt-Oolleotions will probably practically prevent Avoragea being 
obtained]. 

9. Central Silt-Densities, (cr^).— By far the greater number of the Sflt- 
Collections were made on the Central Vertical only, at following Sites :— 

7 at the Solani Left Aqueduct, 17 at the Solini Right Aqueduct^ 

49 at the Belra Site. 

The details are giren in Tab. LXXXIY, LXXXY« The Central 
Bilt-Densities (^o) and Approximate Total Silt-Discharges (S) were 
found as explained in Art. 5, 6, (see Result (5)). 

9a. SoLANi Sites, (Tab. LXXXIV*).*— This Table shows both the actual quan- 
tity of water collected in the Silt-Tube, and also the quantity that might have heen 
9»peoted, computed by multiplying the cross-section area of thef Tube by its immersed 
length (^oisumed to be the same as the Average Depth on the vertical). The differ- 
ence between the8e-*(always Loss except in No. 86)— gives an idea of the difficult 
of handling the Silt-Tube. 

[The collections Nos. 1, 2 were made from a moored boat (Art 8a) j the rest 
were all made with the boat freely floating. The lioss in the first mode will be seen 
to be very large, whilst in the second mode it was usually small : the improvement 
is very marked. Observe that some ** Loss '' is to be expected, because the Silt-Tube 
was closed by the spring when it first touched the bed, t. «., before the mouth of the 
Tube actually reached the bed. No deduction has been made for this in computing 
the expected quantity]. 

The ** expected quantity'' on the rough bed of the Embankment Main Site is 
necessarily somewhat conjectural, being computed from the Average Depth (H) in 
the Sounding-Course, whereas the Silt-Tube was closed by its spring touching the 
actual bed sometimes in a rise, sometimes in a hollow ; the actual collection might 
even exceed the *' expected quantity " in the latter case (as indeed happened once, M 
No. 86). 

From want of sufficient Staff, the Silt-Collections at these Sites could not be done 
in general in connexion with the velocity-work of Discharge-measurements. In 
ealcalating the Total 8ilt-Dischaiges (S)> it has accordingly been necessary to obtain 
the Cubic Discharges (D) by interpolation from Abstr. Tab. 14, 15. 

Sb. BbIiBA Site, (Tab. LXXXV).— A Silt>eoUection w«b made$ on the oeotral 

• This Tabto also ooQtaliu detiOIs te other vsrtiaali (Art. fla) ai wdl M to the on^ 

t Sometlmei two Tabafnls wars cdleoted: inthisoaietbe "expsotsd qpaiititj"hasof oomss 
bssn compoted si to two Tabes. 

t Most of thess sntpOoUeoUons Wire made bjr tfr.a. Eenix, a few only hi Jsnuaiy by Bflfgt. 
FoiMs. 
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vivtical M this Site oom « daj (wilii om oKosptioii, ▼!&, oa 10-1-70), along wtth 
<t.A, jost before or after) one of the Discharge-measorementB, the Staff haying been 
speeiaUj increased, {see Ch. XXI, 9d.) 

The Total Silt-Discharges (S) at tiiis Site have aocordinglj been oompnted from 
bettor data than the preceding, the two faetocs (iTq, D) haying been in each caie 
4>htainsd %• concert. 

The data and Ecsalts of the Silt-Collections haye also been arnuiged(Tab. LXXXV) 
in Series corresponding Set hy Set with those of the yelocit>f-work, <Ser. SOI— SMp 
Tab. L, U). 

00, DiBOUBStov.—- The meet striking featme of both T^ LXjluv, LXXXV, 
bnt Mpeciallj of Tab. LXXXV, is the extreme yariability of the Sil^J>enttt7 and 
-Discharge with triOing yariations of depth and yelocity. 

The only C^nclasion possible seems to be that — 
'* The Silt-Densitj (and therefore also Silt-Discharge) do not appear to depend 

lensiblj on either the depth or yelocitj ", (7), 

and if thej do so depend, then it is clear that (here mnst be other far more efficient 
eanses at woric capable of wholly masking soch dependence. It is well known thi^ a 
enrrent is capable of carrying a qoantitj of Silt increasing with increase of yelodty x 
bnt it bj no means follows that increase of yelocitj is necessarily accompanied with 
increase or decrease of Silt-Densitj, as for this to take place inyolyes the fixistence 
of a yerj loose bed always ready to giye np Silt as the yelocity increases. 

Now the Ganges Canal is fed from the Ganges at a point where the water Tariea 
from great clearness to great turbidity at different seasons, and also receiyes the 
drainage of seyeral hill torrents — (at yarions points from the Head-works down to 
Dhananrf)— which ran only after heayy rain, and are then always heayily silt-laden. 

Bat the depth and quantity of water passing through any Beach of the Canal are 
tegnlated chiefly according to the reqairements for irrigation, withont any xeferenoe 
to the amount of Silt in the water admitted into die Canal, eiliier from the Gangea 
«r from the drainage-inlets. It seems probable then tha^-* 

** The Silt-Density and -Discharge in the Gkmges Canal depend chiefly on the 

quantity of Silt present in the Supply* admitted into the Canal 'V (8), 

The aboyo is confirmed by examining the state of ihe Silt-Density at the Solinf 
Aqueduct in Tab. LXXXIV ; being there arranged ly order of date, it is easy to 
examine the seasonal change of the Silt-Density, and it la at once seen that at this 
Site the Silt-Density is least in the cold weather months, October to March, (when 
the Ganges is low,) and greatest in the height of the rainy season, August and Sep* 
tember (when the Ganges is in flood). 

[A single exception to this, yiz., a yery large Silt-Density in the month of January 
(No. 24 of Table) is probably due to a heayy flood from the cold weather rains]. 

The Experiments at Belra, lasting only from January to March, do not of oonnt 
rnfflce to show any seasonal change. The yariations at this Site are, bowerer, ex* 
treme, and appear to be only accountable by freshets of drainage water. 

10. Silt at different Sites.— The amount of Silt contamed in tlie 
Oanal water is extremely different at different points of its leng^^ as is 

• i«., Sopp^ ftoB aU sooniib both ben tfas fiifar GsBsii» aid fmm the UU tOBMnfts. 
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eiident from the following Table* of Silt-Densities from IS lunplec of 
water takm on tcmu das — 
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It woold s«em from the abore that^ 

"The 8ilt-Dennt7 iDoreaMS prett; iteedil j irith Incieaae ol dittuce from the 
H«ad-wo[ki both in tlis Maid Guul and Bnnchea", _ ~_,„._(9). 

The Bed-slope of the Canal decreases with the distance from th« 
Head-works, so that the Canal should deposit silt (in eonseqne&ce of 
the decrease of relocitjr) rather tiian take np more. The increase of 
Bilt can onl; he ascribed either to increased friability of the soil in the 
lower Reaches, or else to the state of turbidity of the drunage-watei 
admitted into the Canal on the daj of the Experiment, increasing with 
the distance from the Head-works. 

11. SUti Qdalitt. — The samples of Silt taken near Roorkee appearf 
tobe— 

" CUeSj mieaceons sand, with a little c1^ (probably of recent origin, derired 
tron disintegration of f«lip>tMc rocki), and tnc«aoE iron and lime". 

12. General GoncIiuioilB. — In face of these Conclnsions, it seems 
that a Canal subject to great rariation in the amount of Silt admitted 
into it is nnsaitable for Experiment on the connexion between silt and 
relocitf. 

This is a disappointing Gonelnsion, as the amount of labor expended 
on the 90 Silt-Collectiona (and Bednctions) here reported was reiy great. 



• bun IsfanaMloa fanUid br Dr. Wninj Ttumnn, irtu mid* Uu 
Mb ooUmUom nppllM to bin b; th* Ouul Stall ln1H4. 
t tna npirtitf Dr. Umnv Thiaiaa, to trhom ttrsal MmplM ««■ lalBtltaa, 



CHAPTER XXV. - 

EVAPORATION. 

iVt^Siet^— Thif Chapter oo&taiai an Aoooant of tha mode of meagomnant of tha Svapontloii 
trom tha Canal-raifaoa (Art. 9— 4h), and of tha tamparatiira of tha water (Art. ft— M) \rith Biaou- 
llon of Reialta (Art. 6—10), Tha moat important Artklea are the DiacoMion, Art. S— 10, 

1. Evaporation from Canal. — An attempt was made to measure the 
Eyaporation from the surface qf the Canal itself near Roorkee at end of 
1876, and was carried on continnonsly, with occasional intermptions, nntil 
the close of the Field-work in April 1879. 

The question is one of considerable practical interest, as from the im- 
mense surface of the Main Canal, of its Branches, and Distributaries, 
-exposed to the long continoed dry weather, and to the hot winds of Up- 
per India, it was supposed that the Evaporation would be rery large. 

2. Conditions for Evapometer. — The heating effects both of the sun 
and of the hot winds on any vessel exposed to them are so great, that it 
seemed essential that the yessel to be used as an Etafombter should be 
floating in the Canal water, so as to be Jcept at the temperature of the body 
of the Canal by the continuous flow of the water past it. 

In consequence also of the eyer-yarying leyel of the water in the 
Canal, it was absolutely necessary that the Eyapometer should be freely 
floating in such a way as to be quite free to rise and fall with the changes 
of the Canal. 

[These EzperimentB were made at the suggestion of, and were initiated by, Dr. 
M array Thomson, to whom also the design of the Eyapometer described below is 
due. They were simply carried out by the Hydratdic Sxperimenta' Staff from 
instnictions snpplied by him. Similar Experiments had been tried by him some yean 
before ; bat want of boats had prevented the EvapcMneter being properly moored 
(Art 6a) in the free channel]. 

8. Eyapometeri (PL XXIV, ll).«-The complete Instrument con- 
sisted of the following parts, which will be described in order :— > 

(a), Eyapometer-Pan ; (5), Splash-board *, (e), Float-Frame. 

8a. EyAFOMBTXB-FAir.— This consisted essentially of a sqaare pan (or open 
box) of stoat sheet sine 12^ X ISTin plan, and 9^* deep, stiffened by a stont wire 

* Thteapthhasbtn laooatetly tbown (both drawn uid flfimd) as 19* ia the Berstkni InPl. 
zxiy, u. 
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beading nnuiing all round the upper edge ; and with f oar atout iron ejrea (A) at the 
four npper comers for hooking on the lifting chain. 

Two Strips of thin sheet zinc («) with scales (similar to those of a common lerel^* 
ling staff) painted on them were fixed inside the Fan at the middle of two opposito 
aides. The zeros of these scales were on the flat bottom of the pan, so that the depth 
of water in the Fan conld be read directly on the scales. 

[These scales were at first diyided to y^ of a foot i these were afterwards changed 
for scales divided to -f^ of an inch : the published Resnlts are all reduced to inches]. 

8b« SPLA8ff-BOARi>w-»When floating in a rapid stream, the Fan (made up aa 
aboTe) was found to dash about so much, (in consequence of the necessitj of mooring 
it,) that it became absolutely necessary to provide a raised freeboard for it, partly 
to prevent its actually ducking under, partly to pveveat spray beiag blown into it 
by the wind. This was done by attaching a sort of square funnel 10' deep aboYe 
the square pan, exposing an opening of 80' X 80' at the top, and sloping down on 
all four sides to the upper edge of the Fisn, (tee sketch.) Thia arrangement waa 
found a sufficient protection from spray driven by the wind* 

Jq, FLOAT-FBAMa— To enable the Apparatus to float !u the water, a atout 
wooden frame (like a picture-frame) was made up of four wooden bars each SOT long 
by 8" X S* scantling, lapped across one another so as to leave a central opening a little 
more than 12' x Iff into which the Evapometer fitted easily. The buoyancy of tlua 
frame was increased by the addition of four closed air cylinders (C) of sheet-sinci 
each 12' long by 8' diameter, which were fixed underneath the wooden frame aa 
shown in sketch. A stout iron ring (B) was fixed at one corner of the frame for the 
attachment of the mooring chain. 

4. Use of Birapometer*— When about to be used, the Fan was first thorongfal/ 
cleaned inside i and then, after being placed on aa level a spot as conld be found, 
water (taken from the Canal itself) was poured in to about (T depth. The actual 
depth of water was then read on both eealee by the same Olserffer as accurately 
as possible : water was added or taken awi^ until the mean reading on the two 
scales was very nearli^ 6'. 

The Fan was then lifted with a light pair of shears and tackle, and carefully lower* 
ed down into its final position inside the Float-Frame, which had been previously 
floated in the water, and brought close up on purpose. The lifting tackle being then 
detached, the apparatus was let go in the stream, and finally moored by a long rope or 
chain. The water-surface inside the Fan when thus floating in position was about 2f 
below* the free surface of the water in whieh it floated. 

It was then left to itself in the Canal a sofficient time (about a week) to admit of a 
measurable amount of loss by evaporation taking place. After this, at any time that 
was convenient, the Apparatus was brought to bank, and the Fan was carefully lifted 
out of the Float-Frame with the help of the shears^ and deposited agaiii on aa level a 
spot as could be found ; the actual depth of water remaining in the Fan waa then 
read again as accurately as possible on both scales by the same Observer, 

The difference between the Means of the scale-depths in the Fan at the beginidng 
and end of the Experiment was considered to be the — 

** Apparent Loss by Evaporation in the period (diminished by rainfall or dew) '\ 

* This wsi of coone an objeottoi: tke two inrfooei ihoald bave bean oo same levtt 
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l^Introduction of SantL^A small amoimt of diut or sand was often foand in the 
Pan on withdrawal from the water, having been blown in apparentlj by the freqaent 
high winds. The presence of this foreign matter would of course slightly raise the 
water>leTel to be measnred at the end of the Experiment, and ^ro tawto diminish the 
apparent Loss by Braporation], 

4a. Scale-readings inaocnrate*— 1^« transparency of the water, and the 
irregnlar capillary action between the water and the surfaces of the scales prevented a 
▼ery clear definition of the plane of the water-surface upon the scales. This want of 
good definition^ coupled with the considerable distance of the reader's eye (about 26*) 
from the part of the scale in question, prevented the scale-readings from being as 
accurate as could be desired. To prevent introduction of personal equation effects i 
(which are likely to be comparatively large in this sort of observation), it was made a 
rule that the readings at beginning and end of the Experiment should be taken hjf 
the tame Oheerver. 

On the whole, it is considered that the readings cannot be depended much closer 
that the ^th of an inch. To prevent the chance of inaccuracy in the readings 
masking tiie quantity sought, it was thought desirable to leave the Pan in the Canal 
for about a week, to admit of the accumulation of the Loss by Evaporation to about (*. 

[It is not very obvious how the accuracy of direct scale-readings could have been 
increased without having the Pan made partly of glass with the scales engraved 
thereon, so that the eye oould be applied directly to the scales as with a graduated 
glass measure : or else by the use of some sort of cathetometer applied from the 
inside]. 

4b» Imperfeet UvelmefU,-'ln order that the scale-readings should really show the 
depth of water in the Pan, the bottom of the Pan should of coune have been truly 
level at the time of reading. The means adopted of securing this — simply placing 
the Pan on as level a spot as could be found — ^was of coune imperfect. It would have 
been a decided improvement to have provided a level masonry bed on which to place 
the Pan at time of reading. It was thought, however, that the provision of the two 
scales on opposite sides of the Fan, supplied a sufficient correction for the slight in* 
accural of levelment. 

4o. Improved Mefuurement. — It was suggested to tbe Aathor that 
the amount of water at beginning and end of the Experiment should be 
ascertained either bj weighment, or by measurement in a special gra- 
duated vessel. 

4Ci 1* WeifikmenL^The chief objection to weighment was its expense : involving 
the provision of a good balance weighing up to 40 lbs. (the water alone weighing 
81} lbs.), and also of a weighing house to enable the weighment to be done in a high 
wind ; bat it has also uncertainties and inconveniences of its own. Small uncertain- 
ties are introduced by tbe unknown weight of the film of water adherent to all parts 
of the Pan just before insertion (the remains of washing it out), and adherent to the 
immersed parts outside just after withdrawal 

On withdrawal of the Pan from the water, there was frequently a small quantity 
of dust or sand at the bottom, (sometimes amounting to perhaps 1 o&,) blown in of 
eoofse by high windij the separation and separate wdgfament ol this would have 
been tronblesomei 

3 
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40f ii- MeaiurewutU,^T]uA seemed a more hopefal method. A ipecial measar- 
ing TesMl was prepared of east-sine of nearly half a cable foot eapaeitj, tapering np 
near the top to a yertlcal cylindric tnbe of 14*4 eq. in. eectional area, so that a fall 
of ^ inch in the Erapometer Pan (which was 144 sq. in. in plan) eomspooded 
to a fall of 1 ineh in this tnbe. The water-leyel in this Tube was to be read on the 
graduated stem of a Float, like that of a ndn-gaoge. There seems no doubt that 
this arrangement wonld have been pretty snooessf nl (although it has some objecttona 
of its own) ; it was not made np, however, until so late a period of the Szperiments 
that it was thought better to continue the existing mode of scale*reading (to aa to 
preserve uniformity in the mode of reading thronghout the whole period) : and it was 
aoeordingly never intiodnoed. 

S. Tttmperatare. — Tho mazimnm and minimnm temperatare of the 
water itself daring the period of each Experiment are elements of con- 
siderable interest, as they of course greatly modify the Eraporation. 
Unfortnnately the attempt to measure it was found to inyolye consider- 
able risk to the thermometers. In consequence of the vaiying state of 
the Canal water-leyel, a fixed thermometer could haye been of little naef 
unless deeply immersed, (as it would be otherwise liable to be left high 
and dry by a fall of the water) : on the whole it seemed best to attach 
the thermometer to the Eyapometer itself, so as to rise and fall with it. 

6a. •^"''^ fHa2.— 'The first attempt was made at the end of 1876, i.e., soon after 
the Evaporation Experimente were started, k maximum thermometer was simply laid 
flat inside the Evapometer-Pan, intended to be read on withdrawal of the Fvu 
Unfortnnately the Evapometer-Pan got loose (by some accident) soon after the Ex- 
periment was started, and was lost for some weeks ; and when found (80 miles lower 
down, after passing over four Falls), the thermometer was of course missing. In 
consequence of the discouragement resulting from this mishap, no further systematic 
temperatnre-measnrement was tried till 1878. 

5b« Spetmd trial^In April 1878 another attempt was made. A mazimnm 
thermometer was attached (in such a way that it could be removed for reading) to the 
side (Mtf T iu PL XXIV, 11) of the wooden frame-work of the Ploat-ftamOp so tf 
to be always about 1' below the water-snrfaoe when in use. 

This thermometer was read twice in each Experiment, so as to fnmish— 

l^ The actnal temperature of the water at beginning of die Experiment. 
2^. The maximum temperature of the water daring the Experiment 

This thermometer also was lost after this arrangement had been started some 
weeks : altogether only four complete observationa were obtained from it (see Tahi 
LXXXVI). 

00. PuBOAonoNS NBoasSABT.-^The reading of the thermometor aa above (t.4«i 
for water-temperature) requires some special precaution, especially in the hot wea- 
ther, in consequence of the great excess of temperatare of the air (m which the 
leadings take plaee) over the water. 

1*. To lead the aehuU Umperaturet the thermometer mnst be kept plunged for 
some time in the water to acquire the water temperature. On removal fnmi 
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tiie wAtor it mnsi be retd immediate^; for if then it the least dry wind 

moFing, the eTaporation from the dripping bulb ie bo rapid at first as to 

depress the mercnry rapidly (sometinies 2^ in the mere art of lifting from the 

water to the eye) : when this effect \b past, the mercniy rises rapidlj in con* 

seqnenee of the excess of heat of the air. 

8^ The same diiBcnltj might obvionslj occur as to reeding the minimmn 

temperaturt, if the aotnal tempeiatare of the water was dose to the mini- 

mnmat the tine of reading : as on first lifting oot of the water the minimum 

index wonld be rapidlj depressed from the same caase as aboTe. 

8^. In '^ setting " the maximam thermometer similar precantions mnst be ob- 

senred : the thermometer mast first be planged in the water long enough to 

aoqnire the water-temperatare. It maj tlken be removed, and is conrenientij 

** set " in the open air whilst the mercuy is in the Umporary ttate qf di' 

preaion above noticed. 

It might be sopposed that some of these inoonyenienoes mig^t be got rid of by 

leading the thermometers nnder the water : this is mnfortnnately a diflknlt thing to 

do from a boat which is moored in a rapid current 

6d. Thermomitric Results.^-The measurements of the water-teraper- 
atnre, though few in number^ are very yalnable in clearly showing the 
unuiual cotdmss of the waUrj the maximum temperature registered 
being 75^^ at a time when the maximum in the air was* probably 118*5^ 
in the shade and 172^ in the sun. 

6. Bzperimental Sitesw— The Evaporation Experiments were neces- 

aurSy condneted at Sites easily aocessible to the Experiments' Staff in 

the ordinary course of their regular work. Thej were aecofdingly made 

at the following Sites : — 

SoUni Afneduet, from Novr. 76 to Deer. 78, and in April 79. 
Ktmhera 8it§, from Jany. to March 79. 

ga. SOLANI AQUSDUOT.^In a navigable Canal«->Hke the Main Ganges CSuial-* 
and in the neighborhood of a town (as Boorkee), it is by no means easy to flad a 
Site, at which snch an Instmment as an Svapometer conld be safely left for days 
together, in a positton free from risk of being injured by passing craft, or of being 
wilfully tampered with. 

In the present case the Instmment was moored to the tail of the Oeatral Pier <^ the 
BolAnf Aqaednct (PL 11, 8) by a rope or chain long enough (about SO' long) to let 
the Pan swim freely dear of the backwater of the Pier itseU : the weight of the 
diafai was partly supported on a special wooden Float near the Pui, so as to prevent 
its tending to drag the Pan under. 

[This pesitioa was a very good one : the Pier itself protected the Instrumeat 
almost entirely from risk of injury from paseing craft, and being at nricMiaaael it 
eoald not easily be tampered with by paseers by on the bank. la Itet, in consequence 
of the swiftaesaof the earrenti it could ealy have been reached (without the aid of 
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m boat) by an expert swimmer. On one occasion a bullet hole was fonnd in it, mod 
this was the only occasion on which it was known to have been tampered fpitk'], 

6b. Paveity of Rendu, — Notwithstanding that the Experiment was kept op as 
far as possible continnonsly, only 27 Results were obtained {eee Tab. LXXXYI) 
during the two years' (Novr. 76 to end of 1878) work at the 8oUn( Aqaedont. This 
is accounted for as follows :— 

In the first place there were three breaks within the period, vis. — 
1®. Two months ( Janry. and Febiy. 77) stoppage in consequence of the loss of 

the Instrument from its moorings in December '76. 
2^. Four months stoppage in the rainy season of 1877. 
8^. Four months stoppage in the rainy season of 1878. 

This reduces the period of actual work (to end of 1878 from 25 months to 16 months^ 
or about 456 days ; on reference to the Table, howerer, it will be seen that the Instni- 
ment was apparently actually in the water only 280 days ; or about half tilie total 
possible time. 

The remaining half of the time was simply lost in abortiye Experiment. The 
chief caoses of loss in this way were rain and wind. Thus, the area of the month 
<sf the funnel sloped splash-board being 6} times that of the Fan, the slightest 
shower completely masked the whole Eraporation-Loss, and a moderate shower wonld 
sink the Instrument outright Such slight showers were sometimes of yeiy frequent 
occurrence. A high wind wonld also sometimes submerge the Instrument In this 
way the Results of yeiy many Experiments were lost 

[An attempt was made in April 1878 to prevent the total loss of the Results canaed 
by ilighi showers by placing a Rain-Grange on the Central Pier of the Aqnednct 
dose to the moorings of the Evapometer, so as to obtain a measure of the actual nin* 
fall dose by the latter. The Rain-Gauge was the common one^ of Fleming's pattem, 
fitted with an additional funnel-receiver of four timeti the area of the usual funnel- 
month of the Instrument, so as to be four times as ddicate. The Rain-Gauge did 
not prove of much use after all : slight rainfalls were registered in it on only two 
occasions, (Nos. 20 and 25 of Tab. LXXXVI) ; these have been added as **oorre<y 
tious " to the actual Loss in the Evapometer. All other Results at this Site known 
to be affected by ndn have been empty r^eeted as worthless. 

This loss from rain could not have been wholly prevented except by removing 
the Instrument into shdter whenever rain was imminent This would have involved 
the presence of at least two men always on the spot : the situation (at the Solinf Aque- 
duct) however would not conveniently admit of this, and it was not thought worth 
while to incur the expense]. 

So. Kamhbba Sitb. — The Instrument was simply loosely moored at mid^hannel 
of the Annpdiahr Biandi Canal, a litte way bdow the Kamhera Dischaige Site^ 
(PL VI). This Canal not bdng open for navigation at the time, the Instrument 
was free from risk from passing craft : the camp of the petty Establishmwt moreover 
was formed at the Discharge Site, so that there was very little risk of the Instrament 
being disturbed by passers by. 

[This Site was in fact chosen in preference to the Belra and Jaoli Sites, at whidi 
work was going on at same time (Gh. XXT, 9), in consequence of its freedom firam 

• IsigSlyiisedlintheN. W.P.of India ante the nsme of the*«RefenasBQarfl|iitten'*. 



to the Inttmme&t The preBence of the petty ThtaMiiihment camp on the epot 
immenselj increaeed the nomber of saooeesfnl Ezperiments : for whenerer ndn was 
imminent the Pan was removtd under iheUer, and thos the principai sonroe of loss of 
obserrations was removed]. 

7. Besultfli Tabulatioit, (Tab. LXXXVI).— The Besolts are shown 
in the Table : the headings of the Columns are in general snflSciently ex- 
planatory. 

In the case of the Ezperiments at the SoUnf Aqnedact, certain meteoro- 
logical data ha?e been given (obtained from the Thomason O.E. College 
Meteorological Observatory, about 1 mile distant), as being likely to 
throw some light on the causes of increased or decreased Eraporation. 
These are— 

1*. Mean Temperature, obtained as the arithmetic mean of the maximnm and 

minimnm in the shade. 
2^. Mean Humidity, obtained as the arithmetic mean of the *' humidity '' com- 

pnted from the 10 A.H. and 4 p.h. observations. 
8^. Wind, Prevailing X>trtfefioiiy obtained simply by inspection of the directions 

recorded at 10 A-h. and 4 p.h. : this is of oonrse a very rongh process. 
4*. Wind Veloeiitff (in miles per day) : obtuned by dividing the total mileage 

of wind during each experimental period by the nnmber of days of the 

period. 

The above are of course very rongh data : but more accurate results 
could only have been got with great labor, and the increased accuracy 
would hare been of no practical use. 

8. Discussion^ — ^The most striking feature in these Besults is the 
very email amount of the daily Evaporation, together with the extraor- 
dinary fact that it does not appear to be very much greater in the hottest 
months of the year (May and June) when a scorching hot wind is blowing 
doriug great part of the day. 

8a. ^0 aeceeeian of walcr.^The amount of Evaporation is so small as to throw 
at firtt eight some donbt on the sufficient correctness of the mode of use of the 
Evapometer. The only obvious source of undue reduction of the measured Loss by 
Evaporation is the possible accidental introduetion of water from without into the 
Evapometer. This might occur through any of the following causes :— 

lo,Leakagei 2^, Spray driven by the wind ; 8°, Bainfall ; 4%HeavyI>ew) 

5°, Tampering with the Instrument 
The evidence against their oocurrenoe is chiefly negative : — 
P. Leakage, It may be pretty confidently asserted that Leakage did not occur ; 
as the presence of any lei^, however small, would certainly have led to the 
Fan filling and shiking outright in the number of days covered by each 
Experiment. 
2^. Sprag driven bg the wind. This seems a likely cause of introduction of 
water bom without The raised funnel-Bhaped edges of the Fan were 
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intended to protect it ficom tliif» but it is by no means owtain that Ifacrf (fid 
do 80 Bofficientlj. In a high wind the Pan was often Tiolently nictated (Im 
consequence of being moored in a swift stream) ; and it is quite possible 
that spraj was occasionally blown in. The beat evidence against this ooenr- 
renoe (or in favor of the sufficient protection of the Fan) is that — excluding 
cases where rain was known to have fallen— only one case occurred (No. 18) 
of more water bdng found in the Pan on remoral from the Canal than was 
originally placed in. If the protection from spray was insufficient, it would 
seem that this case should have occurred frequently. 

8". JRaif^aU. It has been explained (Art 6b) that a very small shower would 
suffice to mask the Eyaporation*Loes : but, from the way in which this dif« 
Acuity was met (see Art 6b,c), it seems certain that nunf all does not sensibly 
affect the published Results. 

4^ Heavy Dew, The mode of experiment obviously only really shows Uie ex- 
cess of evaporation over condensation of dew : and it is just possible that 
the Utter might even exceed the former, causing thereby an apparent gain 
in the Evapometer-Pan. Only one such case of apparent gain in the Fan 
(No. 18 of Table) occurred during the Experiments : as this occmred in a 
season of heavy dew at night, it is quite probable that this abnomud Result 
is a correct one. 

[This Result (apparent gain in the Evapometer) is by no means unknown in the 
(colder climate) of England, see Civ. Engr. Inst Procgs., Vol. XLV of 1876, p. 27]. 
£*. Tampering, The situation of the Evapometer at both Sites has been ex* 
plained (Art. 6b,c) to have been such as to render any tampering with it 
decidedly difficult : so that this also must be rejected. 
On the whole then the Results may be looked cfawanat undulg reiueed $y mtei' 
dental introduction of water from without, and must tiierefore be accepted as sub- 
stantially correct 

8b. Other BB8ULTs.-^The Results are certainly yeiy small (in no 
case exceeding 'SI" per day) when compared with the eyaporation re- 
corded for other places in India. Bat the fact is that in most of these 
cases the evaporation recorded is that from a tmall Evapometer on dry 
landy the water in which is therefore Uahle to he superheated. 

Tank JSvaporation. The Ev^x>tation from (an Evapometer floating on) a large 
still water-surface is known to be much less than from a small vessel on land ; tf 
witness the foUowiag* Results :— 

At Red Bill, Madrae, 
Mean daily evaporation April to August, *d74* from tank, '469^ on the land. 
Mean temperature of water in same period, 81^ in tank, 88<^ on land. 

liieer JEvaporation, Again, from the American Lake River Experts., (Report of 
70-71, pp. 670— £78,) it appears that the Evaporation from (an Evapometer floating 

• bj Mr« lAdlow, quoted to AboaIm dM Fonts et ChMMtai, Vol. XTIUp ISSS, pp. SI8-'»7, 
and Jackso&'i ladJaa Msteocologioal SUtUOca, 1875, gp. (41), (4S). 
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<Mft) the Murfaee of a Rifw is oaoally much kn than from • niall veinl oq land, as 
seen in Abstract below— 
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From river < from lead, 47 cases. 



From river > from land. 



5 eases, (SatnightO all small. 
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The few cases in which the rirer evaporation was the larger are all small in 
amonnti (so that a small error would largely affect them.) It is curious that these 
cases occurred chiefly at night ; the probable explanation of this is that the land is 
liable to more rapid cooling at night tiian the river. 

8c. EDopomeUr not supwheaUd.'^To test the effideoej of the mode of floata- 
tion of the Fan in preventing nndne heating of the water within it, the following 
temperatares were observed at a very hot itaoon : — 
jDnfo 92-5-77, 7mi0 2.8Op.1L 

At Tail of SoUnf r Temperature of water in Svapometer, 46*. 

Aqnedacty \ „ „ in Canal, .....•••.... 60*. 

At the Thomason C. B. College { Temperature of the air, in shades ...lOS*. 
Meteorological Observatoiy, -JMax. nun •••106?. 
[abont 1 mile distant], i Max. „ „ in the sui, 165*. 

This shows sufficiently that the water in the Fan was not MMduty hoatod^ 
8d. OoNOLUSioNs. — ^The relative smallneas of the EyapoiaiioB from 
the Ganges Canal, (near Roorkee,) which is especially remarkable in iha 
hot weather months, is most probably then due to tkt vma9ual coldneaa of 
the water (65'' to IV^ in Jane, see Tab. LXXXVI). 

It most be remembered that the Birer Gkmges which supplies the 
Oanal is a snow-fed river, and that the Canal-Head is jnst at the spot 
where the river leaves the moantains. The two Experimental Sites 
were distant from the Canal-Head as follows:— 

Solini Aqnednct, Tail of Central Fier, abont 18 miles, 
Eamhera Discharge Site, abont 524 miles. 

The water at the upper (Sol&ni Aqnednct) Site is actually about its 
coldest* during the hottest months of the year, the Ganges Biver being 
in those months greatly swollen idihfrtehly melted snow. 

From all the Besults it would seem that— 

^The Evaporation from the Canal-snrface near Boorkee averages abont ^* 
daily (oot of the rainy Season),*' .......m .• ^(1). 

9. Bependence oa weather.— The dependence of the Evaporation on 

the meteorological elements quoted, viz. — 

1", Mean Temperature ; 2^, Homidity ; 8", Wind, 

* ItisiatlMisnMntluiaotaiUytlieooolMtwstorobMiuadoiaaoodmwIthoatiM 
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is by no means obrioas. On exanuning tbe 28 cages fnlly reported for 
the Solani Aqneduct (Nos. 1—28, Tab. LXXXVI), it seems, howerer, 
dear that a combination of high temperature, low humidity, and high 
irind is (as might be expected) usually accompanied mth high eyapo- 
ration, and tnce verad. 

10. Total Eraporation from OanaL*— It becomes an interesting qnes- 
tion to estimate the Total Eyaporation from the whole length of the 
Canal and of its Branches and Distributaries, for comparison with the 
Total Supply admitted into the Canal. The whole Area of water-ear- 
face exposed to Eraporation has been obtained from following data :— - 



Oahal. 


Total Lo^lth 


Siafu^^NMidtti 
(in fart 1. 


Area 
[In •«. ft]. 


TdtolAna 


Main Canal, • 

Branch CSanals, ..« ••« 
Migor Distribntariea, ... 
Minor Diatribntariei^ ••• 


860 

800 

8300 

700 


190 to 60 

70 to 80 

10 

5 


281,000,000 
79,200.000 

158.400,000 
18,480,000 


487,080,000 



Assuming from Art. 8d the rate of Evaporation to be about -j^^ or i^ 
of a foot per day, the Total Eyaporation would be 4,059,000 c. ft. per 
day, or 47 o. ft per second, which is about ri?^^ V^^ ^^ ^® ^^ 
Supply (7000 c. ft. per sec.) into the Canal : thus — 

<* The Byaporation-Loes is abont riir psrt of the Fall Supply of the Canal '%.«.(3)9 
or in other words — 

^ Aboat 10 minntee' FnllSapply of the Canal is lost daily in Eraporatioo ",.•• (8a> 



CHAPTER XXVI. 

SXJMMAEY. 

Sumnuury of Results.-— A pretty fall Snmmaiy of the Bssttlts ob- 
tained in this Work is given below, bo that they may be seen in a 
collected form without the necessity of reading the details either of the 
ExPBBixsNTS or of the Arguhbnts on which they are based. The 
references to Articles (black letter figures, as 14, on left of psge) and 
Besnlts (numbered, as (7), on right of page) will enable consultation of 
details to be made when desired. 

ABSTRACT OF BESULTS. 

Chap L— Ihtboduotiok. 

1, ^Existing Modes of Diacharge-Measnrement of laige bodies of water are of 
donbtf al accnracy *\ 

5, *' New Ezperiment is wanted on large bodUe of water in wuthn under simple 
ConditionSf e,g,f in large regnlar Canals ". 

7. "A Site— to be yeiy fayorable for Experiment — ahonld be situate in a straight 
nnifonn Reach of great length, i«.» with nniform Banks, nniform Bed, and nniform 
Bed-dope for a great distance abore and below ", . • • • •• • • (12). 

-.«and, to be saitable at all for Experiment, most not be situate in a marked 
hoDow in the Bed-slope", •• * (12a). 

C*HAP. IV.— VSIiOOITT-MBASlTBXlf KNT. 

1. ** VSLOOITT in Hydraulics usually means ' Forward Yelodtj ', i.^., the resolved 
part of the actual velocity taken parallel to the current-axis ". 

4a* " Mean Velocity-measurements of all kinds are not sensibly affected by Errors 
in estimating Depth, or Breadth, but only by Errors in the primary Vdocity-measuret- 
mentB on which they depend ", (3a,l). 

6. About the ** Essentials of a Float *\ 

7b* "Neither obliquity nor crookedness of Float-path necessarily interferes with 
the proper use of Floats", (5a,Q. 

7c,d« '* Floats measure the Average of the Forward Velocities of the fluid 
particles successively displaced along the Float-path ", •• •• •• (6)— (d^)* 

9. "Floats can be used with advantage only at a 'Favofable Site', (as in 

Cha(7))", 02)- 

S D 
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IQ. " and not near irregular banks, nor rery close to any banks hoirerer regular ^. 
12, ''Floats have many advantages over Fixed Instrnmentft, riz. — 

1^, interfere little with tbe natural motion of the water ; 

IS*, measare velocity directly ; 3<^, can be nsed in streams of any size ; 

4% are little affected by silt or weeds ; 6^ measare forward veloci^ $ 

6®, can be made and repaired by common workmen ; 7®, are cheap "• 
l^ft. " ^^® Ropes defining the Ran ranst be strained at lowest possible I^erel '*. 
21. " A moderate Deviation from the trae Float-Coarse is admissible '% • . (18). 

** The admissible Deviation is greatest near mid-channel, decreases slowly to- 
wards the banks, and rapidly close to the banks ", • • • • • • • • (14). 

"Strict aoca^acy in the position of the Pendants is not essential ", • • (15). 

2g« ** To save time the Dead Ran mast be redveed to a miaiiaiini BMr the 

banks, especially with Sarface-Floats '% (19> 

** Sabsorface Floats require increased length of Dead Ran as the depth of 
sabmergence increases", •• •• .• •• (^}. 

26. " For acenrato timing the eye shoald be free to watch the yiaible pbeno- 
mena, whilst the timing shoald be done wholly by ear ", • • • • • • (31). 

''Similar obserrations at beginning and end of the timing shoald be done 
by the same Observer, so as to eliminate his personal eqaation ", • • • • (22). 

27. " Precision in timing admits of Short Bans which both save time and eon- 
dace to accnracy of Coarse '\ •• •• •• •• •• •• •• (25). 

27a. '*]^iigR^^Kv<»te time", (26). 

** The Ran shoald be the shortest compatible with good timing ", .. (27). 

29. " ^^^ ^^^7 &^ timing a 5(/ Ran is a good STAimABD for general nee ; 
smaller Rans mast be ased near the banks ", • .. «« (29). 

SI. ** No Float which is not a < Good Float' (as below) shoald be recorded '\ (80). 

81a. ''The sole criteria of a Good Float, i.«., of a Float's passage being wortii 
record, are that it shoald ran both * free ' and in ' fair coarse ' "• 

Chap, v.— Dbtailb. 

5« '* The mean of highest and lowest free water4evels within a short interval may 
be accepted as the Average Free Water-level at the time *', • • • • . . (4> 
8. " ThisFreeWater-levelisasaallyslightlyAi^Aer thantheStill Water-Lever',(6). 
" For great accnracy (<.^., for Sarface Slope-measarement) tiie Free Water- 
level shoald be taken ", • • .. •• .. ($!»). 

** For ordinary work either the Free or Still Water-level may be nsed ; the 

same one shoald be ased constantly at same Spot ", (65). 

11. ** The Average Free Water-level on either bank may be accepted (except in 

a high cross-wind) as the Free- Water level of the Site ", . , . . . . (9a). 

'*Bat in a high cross-wind the mean of Resnlts on both banks shoald be 

*^«^"» (20- 

12* ^ The Mean of the initial and final water-level of an Experiment may be ac- 
cepted as the Mean Water-level of the Experiment ", • • • • • • . . (lOa). 

18. << In Rongh Beds Average Cross-Sections shoald be determined from Average 
Sonndings, i^^ the Average of several Sonndings along a Soanding Coarse ". 

* Average depChs determined from these shoald alone be used in compa- 
tation". 
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. ' !(. *" The d«teniiinatiaD of Average Deptto depends ohunatoly on the witer* 
level determination ; ao that the Depths axe liable to an error of a few hondretha 
of a foot if the Water-level be taken on one bank onlj in a high cron-wind ", (11)* 

[This of conrse affects all computed Resnlts (e. g.^ D ischarges past a Tertical, Gross- 
Sectioa Areas, and Cnbic Dischaiges) into which the Depth enters as a fsotor]. 

17* ^ Soondiiigs shonld be taken whenever possible (u e,, in depths not > about 
1$*) with a Sonnding fiod (not with a Soondiii^ line) from a Boat floating freely 
down-etresm ". 

Chap. VL— UKsraiinr Motioh. 

4. ^The velocity at any one point of water in motion is very variable both in 
magnitode and direction, and the variation is Ttrj rapid, Le., the Motion is essen- 
tially Unsteady ", (4) 

4a« ** Single velocity-measurements are of very little practical use '^ • • (7a). 

5. ''Aversge velocities are the only inieroomparable Resnlts at different 
points" (9). 

** Average velocities are the only Resnlts of much practical use ", • • • . (10). 

8, ^Hydraulic Experiments on large bodies of water mnst necessarily be both 
tedUnu and ttpeniivt from the tedionsness of determining Average velocities ",(11). 
. 7. " The Unsteady Motion necessitates the use of a large stock of Floats ". 

8 fr 12« "When velocity-measurements at numerous points are required, the 
Sitemal Conditions will probably change in the time required for obtaining so many 
Average valnes. To meet this difficulty, the work shonld be done in Sbtb of a few 
(say 8) velocity-measurements only, whidi shonld be done as rapidly as possible at 
«adi point in tnm". 

8 ^ 18. *' The details of each Set will be under nearly same External Conditions : 
and the Avenge Resnlts of many such Sets form a Ssbibs under nearly seme Average 
External Conditions ". 

10. " The Mean of about 50 distinct velocity-measurements (done in rapid sne- 
oeesion) may be accepted as an Atbbagb YBLOCiTT-HEABnsBMBNT ", . •(12). 

18 & 14. ** Only such Sets as are under tolerably similar External Condittona 
should be combined into Sbbubs. The combination should be such as to eliminate 
personal equation". 

16. " The Average Velocity-Curves for Sites of regular contour in a long uni- 
form straight Reach are pretty regalar Curves, generally convex down-stream ", (13). 
** The departures from regularity in actual Diagrams are probably due to— 
1®, insufficient number of velocity- measurements to yield good Averages, 
2", irregularity of contour of bed and banks at and near the Site ". 

16. ** Di8chaife«iea8nrements and MeanVelocity-iaBasoremeatB taken from singla 
Sjets are only Faib Aybbagb values ". 

17. ^Thestream-linesof water in motion interlace freely in an directions "X16). 

18. ^There is Avenge Steady Motion", (17). 

19. ** The Unsteady Motion of water is analogous to that of the wind ". 

20. ** The property of Unsteady Motion enormously increases the ^Qffieolty of 
f onning a rational Thooiy of Fluid Motion ". 

Cbaf. VIL— Surfacb-Siopb. 

2b. '* Surface-Slope measoxement is an extremely delicate operation"^ 
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2a,b« ^ ^® Slope-Length ehonld be the ahortest yielding ft Sorfaoe-Fall greatly 

exceeding the ordinair oecillationa of Free Level *\ • (4), (6). 

2b. **'^^ Water-Levele at the two Slope-Points shonld be taken simMUam^ 

cuily" (6). 

*'The Slope-Points shonld be equidistant from the Centre Section of the Exper- 
imental Site, in positions free from eddies and back-waters, where the motion 
of the water is as qniet as possible, and with nearly equal surf aoe-relocitiee part 
them : the channel also should be «ymifMMca/— both geometrically and physically 
—about the Site throughout the Slope-Length and for some distance abore and 

below", (7)— (8a). 

5a. "Different Slope-Lengths give different Besults, so that it is probably im- 
possible to obtain true Local Surface-Slope measurements ", • • • • • •(10). 

'* The same Slope-Length should always be used at any one Site ", • •(! !)• 

6a« *' ^0 Surface-Slopes of opposite banks are not generally equal ", • '(IS). 

** Local Surface-Slopes shonld be deduced from simultaneous measurements on 

both banks", .. .. (U),(15). 

15b. "The Local Surface-Slope does not change in any obvionsly regular man- 
ner with change of depth ", .. •• .• •• (29a). 

" It partakes of Uie changes of the Surface-Falls of the Upper and Lower Snb- 

Beaches", (29»). 

" It decreases rapidly with increase of Obstruction at Tail ", • • (290). 

16e. ** At times of High Water-level with no temporaiy Obstmction at Tail the 
Firee-Snrface sinks as follows : — 

in nearly parallel lines in the Upper Sub-Reach, •• •• •• (80«> 

in converging lines (with gradually flattening gradient) in the Lower Sub* 

Reach" • (806). 

** Obstmction at the Tail flattens the Free Surface-Gradient for a long distance 
back ; with greatest effect in the region below the level of the Orest of the Obetm^ 

tion, and with rapidly decreasing effect beyond this ", CBOcfy 

17. " The Snrface^Qradient is chiefly determined by the Oontrol (especially Ob- 
stmction) at the Tail ", (81a). 

Chap. ym.^StnEurACB-CoNYsziTT. 

Sbf ** ^0 measurement of convexity or concavity of (i. «., across the) Free Smv 
face is an exceedingly delicate operation *\ 

5, *< The water-surface in a long stnught Reach with pretty straight banks is— co 
tfaeavenge— nearly level across", • .. .• .. .. (5). 

Chap. IX. — Subsubpaob Vblooitt Instbumbntb. 

Sb« ** Tmn. Floats do not— in consequence of the Unsteady Motion— give a pxoper 
Talne of the velocity in the path of the Sub-Float", •• •• •• •. (8). 

4w About the " EssxKTiAifl of a Double-Float ". 

8--8> ▼iii- Detail of *< Objbotiohb to the Double-Float ". 

8^ iii & tL " The most serious Fault of the Double-Float is the rapid incnaaeof 
Connector-Resistance with increased depth of immersion of the Sub-Float". 

& ^ Other Fttnlti can be remored by raitablypxoportioiiing the parti of theln* 
atmment "• 
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^'The eflldenej of ft fivm Donble-Iloai decnams with increase of depth of 
immenion of 9ab-Floati and there is a limit of depth bejond which it fails ", (5), (6). 

** To secure equal efficiency at all depths, the 8nb-]/loat should be increased 

both in size and nett weight as the depth increases ", •• • (7). 

9a. ''The subsurface Tdodtj.measnrenient made with the Doable-Float is attri* 
bated to a depth always > the real depth of immersion of the Snb-Float ", • • (8)« 

''and is always more or less affected by the Sorfaoe-Float and Connector 
Besistances", (8). 

Chap. X— Vxbtigal VxLooiTT-CuByBS. * 

4. ** Frequent re-ad[jastment of the Connectors of Double-Floats is inoonrenient **. 

" Subsurface Telodty-measnrement with Double-Floats can therefore only be 

done with oonTcnienoe at flied depths". 

8, « The Pbopxbtibs of the Average Vertical Yelodty-CarTes are as follows :— 

<<The Curres are generdly oonyex down-stream, (except near an irregnlar 

banky% (1). 

** The maximum Telocity is usually below the surface "i • • •• «• (3). 

"The max. velocity dnks (in a rectangular channel) from the centre towards 
the banks, and is at about mid-depth near the banks ", • • • • • • (8). 

** The velocities near the bed are generally the least '\ • • • • • • (5)i 

" The mid- depth velocities are generally greater than the means ", • • (6)* 

« The Curves are decidedly flat **, •• •• (8). 

"The flatness decreases in a rectangular channel from the centre towards the 

banks" (9). 

11. ** Vertical Velocity-Curves obtained with the Double-Float axe distorted (by 
Instrumental defects) as follows ": — 

(a), ** lfa#. velocy, at Surface. The partial errors are cumulaUvey the Ob* 
servation-Curve lies wholly without the true Curve, and the Error increases with the 

depth", (15a). 

(h)t**Ma»,V€lae^.helowSwfaee, From the surface to the max. velocy.-liiie 
the partial errors are cumulative ; from the max. velocy.-line to a depth where the 
velocity is equal to the surf .-velocy. they are partly compensatory ; below this line 
they are again cumulative. Fkom the Surface downwsdnds the Observation-Curve 
lies within the True Curve, croesing it at a point somewhere in the second region 
above named ; below this point it lies wholly without the True Curve, and the Error 

increases with the depth", •• (156). 

11. "The Observation-Curves obtained by use of the Double-Float axe all too 

flat, especially near the bed where the velocities are all exaggerated ", • • (16a). 

12a. ** The mid-depth velocity (an any vertical) is subject to great and rapid 

vaiiadon from instant to instant", •• •• •• • (19). 

12b. "but to a less extent than the Surface- and Bed-velodties", •• (SO). 
13a> ** The bed-velocity is subject to much irregularity ". 
Ifi, " Any marked change of any one velocity is accompanied on the whole by a 
Jisiilar cAoiiys of all the velodties past the same vertical ". •• «. (86a). 

Chap. XL— Vxbtioal Vxlocott-Cubtb Fiqubx. 

1. "The investigatkm of the figure of the Vertical Vetodty-Ciirve Is • very 
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^ddioito i«4iiif7,as the date ftwlaUe (the TelodlyHmeasai^ 
ierthepnrpoee**. 

SC|d. ** The Method of trial end enor is altogether muatiafaetoty for the pnr- 
poM if the depth of max. relocitf-Uiie, and parameter of the oonre are to be 
dieenaKd". 

tej6y &10. ** The 'Method of Least Squaiee* is alone satisfactory in tfaia caw **• 

7* "The Average Vertioal Velodty-Onrre approKunates in general cloaelj to a 
parabola with horizontal axis",.. .. .. •• •* •• •• (17> 

7b* ** The data do not admit of the determination of the depth of nuuc yelocitj 
line and parameter of the curve (wUch define the poation and mze of the canre) with 
anjdosmss", « • •• •« •• •• (90). 

9a> " The max. velocy.-Iine is nsnall j above mid«depth on all vertioal^ and nbove 
|-depth on verticals at or near mid-channel ", • • • (240,6^ 

lOi ** The tracing of the dependence of the quantities Z, p on the Bxtemal (Condi- 
tions is veiy uncertain". 

10— lib. " The Mississippi and Basin Experts. fdrmnlsB for the paiUMter are 
Doi baaed on good evidence "• 

Chap. XIL— Depbbbsiov of Mazdcum Vblocitt. 

SgyC* ** The position of the line of maximum velocity on any vertical does not 
depend sensibly on the depth of water, nor yet on the state of the wind", (1) ft (S). 

4* ^'Wind must be long continued to sensibly affect the pontion of the ^ max. 
velocity-line ". 

7* " The Air-surface is a part of the Wet Border causing a slight bnt sensible 

xesistanoetotheflow", •• •• (4). 

** The depression of the maximum velodtj-line is due laigely to the Air-re- 
^stance", •• ., •• (5> 

Chap. XIIL— Dibchabob past a Vebtigal. 

2d. " The Arithmetic Mean and Trapeaoidal Rules for Areas both err in defect 
onthewhole", (18). 

4b* " The Discharge past a Vertical found by use of the Double-Float > the true 
Discharge when the max. velocity-line is afjor near the surface, and approaches 
equality with it as that line sinks to a depth of about i full depth. As this line sinks 
further the Discharge-measurement falls short of the true Discharge, and the Discre- 
pancy increases as that line sinks", (22> 

Ohap. 33V.— Meah Vslogxtt past a Vebtical. 

Hm ''TheAritfameticmeanofTelocitiespastaverticalis^theMean Velocity", (2). 

S. ** The Mean Velocity past a vertioal varies less than most of the velocitieB of 
which it IS the mesn", .. , .. ,, (8). 

4« ''but it is by no means constant", •• .. (4> 

6b* ''The Mean Velocity-measurement (XJ') exceeds or falls short of the true 
Mean Velocity (U) past the vertical, according as it is less or greater than the 8nr- 
fMe-ieloeity(««)", ., .. .. ,. .. .. .. .. .. pj. 
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gb* " For flnding Mean Velocity past a TOrCical bj TdLocityHAMMonmeiits atwtpre 
ikmm otu p^itUf tlie formola «■=! (Vo -** ^^^ih) <io>&b]]NS accnncy witk the greatest 
yraetiealconTemenoe", .. •• • • •• ••(88a). 

9d. **The Mean Yelocitj-liiieiB always below mid-depth "9. • •• •• <86). 

9dye. * 1*1m ^tKBL Velocity past a yertical can only be approadmated to by Telodty- 
moBMateoLVOit at a iingle jHnnt** y •• • «• .. (87}). 

ST. ** The Ayersge Mid-depth Velodty is general]y> the Mean of its rertical ".(46a). 

10a. ** The nttio of Mean to Mid-depth Telocity is not oomtant, bnt liable to ahont 
16 per cent Tariation ", •• .. •« •• *• <80), 

11a. ** The Mean Velocity past a central rertical increases and decreases on the 
whole with increase and decrease of either Depth or Sorfaoe-Qradient "» (51 )* (62). 

lib* ''The relation of the Mean Velocity to the External (Conditions is too 
complex to be worth endeavouring to trace oat by mere Experiment, {.«., without 
some guide from a rational Theory ". 

12, ** A much closer approximation to the Central Mean Velocity may be obtained 
by direct yelocity-measarement of any one primary Telocity past centre vertical (e^,^ 
the sarface, mid-depth, &c) than from any known formula in terms of Surface- 
Gradient'*, (58), 

IS. ''The best practical mode of Mean Velocity-measurement in depths over 
15' is to attempt only approximation by TelocityHneasnrementi at |-depth as a 
general rule, or at i^^-depth close to vertical banks **, 

C^HAP. XV.— Bods. 

4. Aboot the "Essentials of a good Rod*'. 

5. "The Full Length of a Rod should only slightly exceed its immersed 
Length", (2a). 

" A Long Bod is quite unfit for use with small immersioa '% •• • • (2^X 

7f* " Top-hooks isre a useless addition to a Bod *\ 

8e« " The Rod-velocity of a Rod nearly graxing the bed givee an appiaxiffl** 
tion to the Mean Velodly past the vertieal generally closer than that given bj the 
Double-Float'', (16). 

9. " Bods move more steadily than any other sort of Float "• 

10. " The Advantages of Rods (for measurement of Mean Velodty past a Ver- 
tical) are, as compared with the Double-Float, as follows :— 

They are free from the uncertainty attending the Instability and nuknown 

Lift of the Double-Float ", (18). 

They give an approximation to Mean Velocity pfst a vertical usually closer 

than that given by the Double-Float", (19). 

They give the Result more rapidly", (20). 

They are more easily handled, and less delicate", •• •• •. (21). 

" They are simpler in construction, cheaper and more durable ", • • • • (22). 

10. " For measurement of Mean Velocity past a Vertical, the Bods should super- 
sede all other Instruments in cases favorable to their use", • • •• •• (28). 

11. " The Omditions favorable to the use of Bods are :— 

"A Reach of nearly uniform croas-seetion and avenge bed-slope throughout a 

great length", (24). 

''The Bed should betokrably even lengthways at and near the Site", •• (25). 
'^ The Depth should not exoeod about 15' at and near tiw Site,** •• •• (M). 
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IS. ** The Site ahonld be pfepned for nee of Rods •• follows :— 
*<The Bed shonld be dressed to a tolerablj nnifomi crass-sectioa and longi- 

todinal slope for a length of say 250* "9 ••(29»). 

^ The Banks should be dressed to a tolerablj nnif onn slope for a length of saj 
250' ; and, if likely to snffer erosion, should be reTetted with maaoniy/' (22^). 

Chap. XVL— Thxobt of Rod-Motioh. 

10. " The Bod-Telodty line is— within the limits of practice— always tomtwkat 
mon deeply teated than the line of Mean Velocity past its immersed length ",(186). 

** and is therefore— within the limits of practice— always iomewhat Uu than 
the Mean Velocity past its immersed Length '', •• ..(ISc). 

'* For mere accnracy of measorement of Mean Velocity past a rertical, the im- 
mersed Length of a Rod shonld be decidedly leu than the fall depth on the rer- 
tical", .. (12). 

11. <* The proper (immersed) Length of Bod is from *250 to '927| or on an 
ayerage *24, of the Fall Depth of water '% •• .• .. •• •• (22afy 

C^HAP. XVn.— TBANBYBBSB VBLOCITT-CUByB& 

6. ^ For tracing the figure of the Transverse Velod^-Cnnres the Float-Onuse 
Spacing in a Canal should be— 

I*'—*' symmetric about mid-channel ". 

2^—'' wide spaced oyer the level part of the bed "• 

8*— ^closer spaced with approach to the banks, and with one Float-ConrBe at 

the foot of each bank ". 
4*— « closest spaced nearest the edge "• 
fia. ^If Dischaige-messurement is the aim in view, there should be a primary 
division into Spaces as above, and the Spaces shonld be snb-divided into a number 
of Snb-spaces which shonld be multiples of 2, 8, or 6 ". 
IS. ** The Properties of the Avenge Transverse Velocity-Curves are as follows : — 
12j i« "The velocity-variation (in any one curve) approximates to the following 
distribution (in the ease of a symmetric cross-section with a level or wholly coneavie 

bed, in a long uniform straight Beach) (8). 

"the maximum velocity near the centre", •• •• •• .• •• (8«). 

"a very slow decrease of velocity from the centre towards both banks, which 
becomes more repid with approach to the banks, and is very rapid close to the 

banks", (36-^. 

"the curve is wholly convex down-stream", • (8e). 

"and is symmetric about mid-channel", .• .. • (V). 

12. ii« " Every marked change in the figure of the bed produces in genend a 
marked efSect on the figure of the velocity-curve ", as follows :— - • • • • (4). 

** Increase of depth tends to increase of velocity, and vice vered ", . • (4a)* 

"The maximum velocity-line tends to be in the deepest channel (if sufiidentlj 

far removed from the banks) ", • (46). 

" A convexity in the bed causes a concavity in the velocity-curve and tice vend ",(4e). 

" These eiSBCts are more marked in shallow than in deep water ", •• • • (id)^ 

12y iii* ^ Velocity at same point of Like Curves increases and decreases eeeierie 

with rise and M of water-level", «• •• • (6)* 
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12, iv. << Like Curves are aiimlAr under ainxUar External Conditions ", . • (6). 

12^ ▼/ " like Cnnres of equal mean Telocity are oaUris paribuM equally flat as 
awhole^ (7). 

12| ^i* ''Curyea of low yelodfy are ctf^erii parihu flatter than those of like 
kind of high Telocity", ' (8). 

12. Til* " The Flatness of a Curve does not depend so much on the general depth of 
water as on the Mean Velocity, so that Curves at low water are not necessarily flatter 
than Cbrves (of like kind at high water) ", (9). 

12 Tui " These Curves are sharply rounded over sloping or stepped banks, and 
more fully rounded near vertical banks", • .. (10*100). 

12, ix. ** At Sites of similar character like Curves are— each taken as a whole — 
flatter throughout at the wider Sites ", •• •• (11). 

12, X. ** Of Unlike Curves under similar External Conditions in the samd rectan- 
gular channel, the Mid-depth Curve is usually the outer, (except near the centre,) the 
Mean Velocity-Curve intermediate, and the Bed Curve tiie inner ", • • • • (12a). 
also, *' the Mean Velocity-Curve is one of the flattest, and the Surface Curve the 
most fully rounded", • (m). 

14. *<The forward velocity near the edge decreases rapidly with approach to the 
edge" (18). 

14b. '^At the edge the forward surface-velocity is veiy small, (perhaps zero)",(133). 

" Near the edge there is a persistent flow (at and near the surface) from the edge 

towards the centre, most intense nearest the edge, and decreasing rapidly with distance 

from the edge", (I3cfy 

Chap. XV]II.^T£ANsvsBaE Cctbyes— Qkohbtbig Figu&b. 

1, *^ The investigation of the figure of the Transverse Velocity-Curves is a very 
delicate inquiry, as the data avaiUble (the velocity-measurements) are not well suited to 
the purpose ". 

2. ''In Curves of like kind with same water-level at same Site, the velocities at 
same points are nearly proportional, so that such Carres are approximately parallel 
projections of one another", • (l)&(la). 

8—4. ^ The Transverse Curves resemble semi-ellipses in general shiqpe, but with 
flatness increasing as the water-level sinks in such a way that the exponent (a) (of 
the order of ellipse) increases as the water-level sinks ". 

6. ''The Wet Border (including the Air in this term) is the ultimate source of 

retardation of flow",. • .. .. •• •• .. • (11). 

'' Velocity at any point is probably a function of the ' average effective -distance* 
from the Wet Border ". 

Chap. XDL^Abbas and Dischabob& 

11. ''The number of repetitions of any Observation-measurement should be 
proportional to its ' weight ' in the computation f ormnlie ", . • • • • . (18). 

IB. " The Trapezoidal and Arithmetic Mean Bules err in defect in the long run : 
and when the bed is concave the Error is not necessarily very small ". 

8 B 
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15a. ''The chief advantage of the process of Discharge-measarement used in 
this Work is the completion of the Field«work of a single Result within a moderate 
time within which the External Conditions (except Wind) maj be preiumed to have 
been tolerably constant *\ 

17a. *' The Cubic Discharge increases and decreases rapidly with rise and fall of 
water-level", •« •• •• •• (14)- 

**bnt depends to at least an equal extent on velocitj ". 

18. ** The Cubic Discharge is sensiblj constant from instant to instant *\ • . (15). 

lg(*, " A cross-wind is liable to cause excess or defect in Cubic Discharge-measnre- 
ment according as it blows to or from the Gauge ", • • • • • • . • (18). 

19d. '* The chief source of variabilitj of successive Cubic Discharge-measnre- 
ments (under apparently the same External Conditions) is that—in consequence of the 
Unsteady Motion — each single Result is an imperfect one ". 

21, ** Discharge-Tables should be Tables of double entry, showing both Gange- 
Reading and Surface-Slope or -Gradient as Argument". 

Chap. XX.— Mean Vblocitt. 

2. ** The Arithmetic Mean of velocities errs in defect ". 

3. <* The Mean Velocity past a Transversal, and the Mean Sectional Velocity are 
less variable from instant to instant than most of the individual yelocities ", . • (3). 

Sa. *'The Mean Velocity past a Transversal varies sensibly from instant to 
instant" (4). 

3)). ** The Mean Sectional Velocity is constant from instant to instant, and in a 
higher degree than the Cubic Discharge ", •• •• •• •• •• (6&6)> 

5, ** The chief source of variability of successive Mean Velocity-measurementi 
(under apparently similar External Conditions) is that — ^in consequence of the Un- 
steady Motion— each single Result is an imperfect one ". 

1^, '' There is a general iort of agreement in the variation of the Mean Surface 
and Central Surface Velocities (Uq, Vq)) "^^ ^^ i° that of the Mean Sectional, Cen- 
tral Mean, and Central Surface Velocities (V^ U^, v^) ; also of the quantity i^/BS 
with the latter three", (14). 

15, " The Mean Surface and Central Surface Velocities (Uo, v^, and also the 
Mean Sectional, Central Mean, and Central Surface Velocities (V, \S„ v^), and the 

quantity VHS increase and decrease with increase and decrease of either Hydraulic 
Mean Depth or Surface-Gradient ", (15)— (18). 

16o. *' Surface Velocity-measurements,— and therefore also Discharge-measure- 
ments depending on them, — ^are liable to be under- or over-estimated in high up-stream 

or down-stream wind", .. • •• •• (19&22). 

•* The Mean Velocity-measurement is only slightly — if at all— affected by up- 

and down-stream wind '*, • .. • (20). 

*' Surface Velocity-measurements made in high up- or do?m-etream wind are 
quite unsuitable data for Discharge-computation ", .. (23). 

16dt " The Mean Velocity-measurement is not sensibly affected by a high cross- 
wind, but is attributed to an abnormal Gauge-Reading ", ^ • • • • (24). 
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17. "The ratio Cc=V->Uo increawa in general with increase of depth, and 
probably aUo with decrease of velocity or surface-slope ", • • . . (25 & 26 ). 

18. " The variation of the ratio c = V-t- i^o is very obscure, (probably in conse- 
quence of the disturbing effect of Wind on the surface velocity "• 

19. ** The ratio C = V -r- 100 ^/RS increases and decreases generally with in- 
crease and decrease of hydraulic mean depth ", (27). 

Iga* " And also depends in some complex manner on the Sarface-Slope ",, , • (28). 
19b* ** <u^d ^8<> ^^ the nature of the banks and bed of the Site ", . • • • (29). 
21- ** The form of the Bazin Co-efficient Cb=ra +|) is defective",.. (36). 

22a- " Mean Velocity- and Cubic Discharge-Measurements obtained by applying 
Bazin's Co-efficient Cb for reducing Central Surface Velocity-Measurements to Mean 

Velocity are usually nnil«r-tf«<iinatotf ", (40). 

22b. " '^^ under-estimation is so great that this Co-efficient is of littfe practical 

nse in Earthen C!hannels ", • (41). 

22c* Bazin's relation Cb = 100 C -r (100 C + 25*34) is fundamentally incorrect 

as a relation between c = V-t-^o '^^^ C ", (42). 

2So* ** Kutter*B Co-efficient (CO is one of pretty general applicability '*, . . (45). 

'* When the Surface Slope-measurement is a good average^ it gives Results whose 

Error will probably seldom exceed 7} per ^)o in Large Canals ", . . • . (46). 

2^ "The Mississippi Experts. Formula is useless as a general erpreision for 

Mean Velocity, (except perhaps in cases of very low surface-slope)", .. (52). 

26* *' Further experimental research for an improved Mean Velocity Formula 

is an almost hopeless work until the proper functional form is suggested by an 

improved rational Theory ". 

27a. " A close approximation to Mean Velocity is more likely to be obtained 
by use of formulie depending on Velocity-measurement than on Surface Slope- 
measurement", .. •• \. .. •• (55a). 

27b* "Central Mean is to be preferred to Central Surface Velocity-measure- 
ment for use in approximating to Mean Velocity ", (57). 

28. '* ^1^6 connexion between Mean Velocity and any other primary Velocity 
is*of a more intimate and simpler kind than between Mean Velocity and Surface- 
Slope ; the former being probably merely a geometrical, whilst the latter is a phy- 
sical, relation". 

29. ** ^o' rapid approximation to Mean Velocity a good Average Central Mean 
Velocity-measurement is (at present) the most reliable", (58). 

C^AP. XXL—Disohabob-Vbbification. 



4. "For comparison of successive Cubic Discharge-Measurements at the same 
Site, such as are done in immediate succession are much the most suitable ". 

9o. "For comparison of the Cubic Discharges through tueeettive Sites, the Field- 
work should be either simultaneous or else in same body of water at all the Sites ". 

12. " Under favorable circumstances the process of Cubic Discharge-measurement 
used on this Work yields consistent Results ", (6a). 

12, " The Discordance between successive comparable Results may be expected 
to be seldom over 3 per cent, (when the Conditions are nearly similar, and the 
circumstances favorable) ", •• •/ •• • (6^^(70 
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Chap. XXIIL--Cub«snt-Mbtbb Wobk. 

8^, ziY. Detail of << Objections to Current-Meters ". 

6« ** Bj nse of a proper Current-Meter Lift the following advantages are seeorecU 
Tiz., Certainty of Orientation and Position and of Clearing and Ungearing the Cur- 
rent-Meter, also Measurement of forward Telocity (besides some minor advantages) "• 

10. ''By separation of the ** recording works" and connecting them electrically 
with the Fan, the following advantages are secnred, viz., Redaction of distorbance 
of the water. Certainty of gearing and nngearing, Increased delicacy, Saving of delaj 
of lifting to read, and Vision of the motion of an Index copying the movement 
of the Fan". 

11« " The uncertainties attending these Instmments as at present made are Tcrj 
great ", 

Chap. XXIV,— Silt. 

8c. '' There is no obvious connexion between the Velocity and Silt-Density at 

different parti ot &Sitd" (6). 

" The Silt-Density varies from instant to instant at one and the same point". 
9c« '* The Silt-Density, and Silt-Discharge do not appear to depend sensibly on 
either the depth or velocity at a Site.", •• •• •• •• •• •• (7). 

<' The Silt-Density and Silt-Discharge in the Ganges Canal depend chiefly on 
the quantity of Silt present in the Supply admitted into the Canal ", • • • • (8). 

Chap. XXV.— Evapobation. 

8b. " The Ev^>orati6n from (an Evapometer floating on) a large still water- 
surface or on a river is much less than from a small vessel on dry land, (from the 
liability of the latter to become superheated) ". 

8d. '^ The Evaporation from the Ganges Canal near Roorkeo averages about ^^ 
daily (out of the rainy season) ", •• •• .. (1). 

1 0. " The Evaporation-Loss is about ji-g part of the Fall Supply of the Canal (or 
about 10 minute^' Full Soppfy daily"), (2) & (2a). 



OHAPTEE XXVII. 



COST. 

AtAKC^The general Reader dionld omit the detaUa in tiie Talde of Art 1. 

1. Cost.^-The Amounts sanctioneS yearly by Gh)yemment| and the 
actual Ezpenditare of each financial year (up to April 1881) on the 
whole Work are shown in the Table below, with the Expenditure sepa- 
rated for ready reference under the three Heads of Field-work, Beduc- 
tion, and Publication (denoted by F, B, P respectively in last Column). 



APPUO^TIOH. 


QOVXBKXKHT SiiROnOH. 


SAironoR. 


BZPBfDITUBI. 


No. Date. 


Govt. No« Date* 


Rnpees. 


Tear. 


n. ▲• p. Charge* 



459 of 18-5-74 

1268 „ 6-4-75 
157 „ 15-1-76 
4849 „ 34-11-76 
1411 „ 28-4-77 

d28H „ 15-10-78 



Varions. 
688H of 12-8-'80 
707fl „ 6-12.'80 
725H „ 24-l-'81 



I 480 of 27-7-74 

Is 8691 „ 1-10-76 

1^ 1291 „ 16-8-76 

I 92AI „ 22-8-77 

889 „ 22-1-78 

C949W,, 25-10-78 



1 

o 

in 



138E of 5-5-79 
3474B „ 25-ll-'80 
3948E „ 21-12-'80 

996E ,, 8-3-'81 



1,750 

8,000 
5^00 
6,000 
1,650 

1,777 




1874-75 
1875-76 
1875-76 
1876-77 
1877-78 

II II 
1878-79 



1878-79 
1879-80 

1879-80 
1880-81 



1880-81 



824 

525 

1,526 

5,478 

7,166 
•1,026 

6,700 
1.426 



4 

14 
12 
10 



14 

12 
15 





8 

8 

10 

8 
6 

4 

7 



F 
F 
F 
F 
F 
F 

F 

F 
F 



6,187 
3,244 



r^ 



R 
R 



4,471 1 01 01 P 



Grand Total Ezpenditare, 
Deduct Realization by Sale of Stock, 

Sfett Total Expenditare, 



38,568 
1,897 



13 
6 



10 
4 



37,171 



7i 6 



The details above are printed here chiefly for sake of permanent record 
and official reference. The Totals alone— shown in Abstract below — 
will probably be of any general interest :— 

* This was for Toota and Plant, moft of irhicb were tranaf orred (after 4 monthB* nse) to the 
Northern Dim.,QBiigeB Canal, vUhaut cAor^f, t^Oai^ OQly a part of this item is faitlj chargoable 
to the Biperlments. 



398 CHAP. XZTII. — COST. 

Abstract of Expenditure. BS. JL iv 

Total Ezpenditare on Field-work, , 24,665 11 & 

99 If M Redaction, ,, 9,432 2 5 

•» ,1 ,1 FablicatioD, ... ••• •.. *4,471 



GraDd ToUl Expenditure, ... 98,568 IS 10 
Dedact Realization by Sale of Stock, ... 1,897 6 4 

Nett Total Expenditure, ... 87,171 7 6 
These Totals show the Actual Nhtt Expbkditurb only to end of the 
financial year 1880-81. They are therefore not quite final. There will 
be some small ezpenditare in distribntion of the Work falling in the 
financial year 1881-82, and there may be some modification* of the 
charge for Fablication when the Work is issued. 

2. Total Cost.— The Total Expenditure above shown ( Rs. 37,1 7 1 -7-6) 

is only the direct expenditure which appears charged to the Experiments 

in the Public Accounts. Many charges which might fairly hare been 

charged to the Experiments were borne by other Departments, thus : — 

1^ Many of the Obserrers were lent by the Irrigation Department, /ree of charge^ 

viz. : — 

Sergt Reynolds from 21-2-78 to April 79, 

Mr. Andrews, Sergt Bell, Mr. Callaghan, Mr. Clowsley, and Mr. Smith for 
the periods stated in Ch. II, 4. 
2^ The services o£ the Superintendent were set free by the Thomason Cdlege, 
wholly from Novr. '78 to April 79, and in part from May 79 to Octr. '80, 
roithout charge to the Experiments, beyond a comparatively small ** officiating 
allowance " to the officers who took ap his College duties, (amounting in all 
to Rs. 1,670-15-6.) 
8^ The Thomason C. £* College provided without charge'^ 

(a). Office accommodation and furniture thronghout the whole period, 
(ft). Use of Sarveying and other Instruments „ „ „ „ 
(c). Use of a large Camp Equipage from January to March 1879. 
{d). Stationery throughoat the whole period. 
4^. Several Departments lent various expensive Plant for long periods, free of 
change'-' 

{ay 8 iron boats and 1 Pontoon Raft were lent by the Irrigation Dept. 
(A). 1 Pontoon Raft was lent by the Bengal Sappers and Miners, 
(c). 3 chronometers were lent by the Sarvey Department. 
h\ A certain amount of '* preparation of Sites " was undertaken by the Irriga- 
tion Department free of charge. 

It is difi&cult now to estimate what would have been the charges under 
these seyeral heads : they may be set down roughly as follows :— 

• Thli Is Miy ike EstimaUd Cott of PobUcfttion of the (100) copies taken l^ Oovemment for dis- 
txibution : the Aotoal Coet— when the Work Ia issncd^may differ a UUle from thie. 



ART. 2. 899 

No. 1% Kb. 5,500 ; No. 2, Rs. 6,000. 

Nos. 8®, 4?, 5® are impossible to estimate properly noW| saj Rs. 5,000. 

This would swell the Yirtaal Total Cost of the Experiments to about 
Bb. 54,000. 

This may seem a large snm for the sort of work, and for the practical 
Besnlts obtained ; bnt this class of work is (from canses explained in the 
Chapter on Unsteady Motion, Ch. YI, 6) necessarily very expensive. 

Nearly the whole expense of snch work is the skilled Establishment : 
the cost of Stores is comparatively small. The heayiest item in these 
Experiments is actually the salaries of the Obserrer Staff, (European 
Overseers drawing from Rs. 185 to Bs. 100 a month.) 

[Skilled snperintendenoe would— as a rule, in India— form hj far the heaviest item. 
In these Experiments however it was a very amaU item ; for the first two years the 
Superintendent gave his services free ; from April 1877 till Decemher 1880 Gtovem* 
ment granted a ** superintendence allowance "* of Bs. 150 a month]. 



SND OF PART 17, 



* A spedal Superintendent wonld havB cost from Bs« SM to (ny) B8« 1|000 a month aeoording to 
his experienoe and standing in the Service* 
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